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Abstract

Two kinds of amphiboles-actinolite and aluminous Ca-amphibole-and two to three epidote

minerals coexist with chlorite and plagioclase in the meta-volcanic and meta-igneous rocks in

the contact aureoles of the Cretaceous plutons in the Feather River area, northern Sierra
Nevada. Small prisms and rims of actinolite occur with green hornblende outside the l-mile-

wide contact aureoles of the plutons. In the zone next to the plutons, blue-green hornblende

forms rims around large grains of actinolite and also forms small prisms that are included in
plagioclase. Electron-microprobe analyses show that the alkali and Al content of the amphi-

boles increases with an increase in the grade of metamorphism, the ratio of NafK to tetra-

hedral Al remaining close to 1:3. The ratio between two coupled substitutions, edenitic
(NaAAlt '  for nASi'") and tschermakit ic (Al"t  Al" ' for Mg'r5;t"r,  remains 3:7 and leads to the

composit ion NaooCa.Mg,"Fe2*ro(Al,Fe3*),.Sio"Al '")O*(OH), at the highest grade of meta-

morphism in the Feather River area and further to NanuCarP*suR3*rnSiuAlrOrr(OH)a the ex-

treme member of this actinolite-hornblende series. The Mg/Fe ratio changes with the bulk com-
position and with the degree of oxidation of the host rocks. Epidote and clinozoisite coexist in

all zones as separate grains. In addition, many grains of clinozoisite include high index domains,
lamellae, and stringers of epidote. In the highest grade zone next to the plutons, zoisite occurs
with epidote, clinozoisite, and anorthitic plagioclase. Farther from the plutons, the plagioclase is
albite. There is no regular change in the distribution coefficient Kn(Mg/Fe) for chlorite/amphi-
bole although it is highest in the zone next to the plutons.

Introduction

The minerals studied occur as major constituents
in Paleozoic(?) metavolcanic and related meta-
morphosed intrusive rocks around Cretaceous plu-
tons in the southwestern part of the Bucks Lake
quadrangle, northern Sierra Nevada. The general
geology of this quadrangle and the petrography and
chemical composition of the host rocks have been
described in another report (Hietanen, 1973);there-
fore only a short summary of the geologic setting
and some additional features are given in the follow-
ing description.

Two metamorphic events can be recognized in the
host rocks near the plutons. The earlier regional
metamorphism was to the greenschist facies and was
modified by a later higher-temperature contact meta-
morphism that afiected only the rocks in a narrow

'Publication authorized by the Director, U. S. Geological
Survey.

zone around the plutons. In the pelitic layers, the

common occurrence of andalusite, cordierite, and

staurolite in the outer contact aureole and andalusite

and cordierite in the inner one indicates PZ condi-
tions of the epidote amphibolite facies (Hietanen,

1967). Eilsewhere, mineral assemblages such as
muscovite-biotite-chlorite in pelitic layers and albite-
epidote-actinolite-hornblende indicate the upper limit

of the greenschist facies.
In the metavolcanic rocks and related intrusive

rocks, the increase in the grade of metamorphism is

indicated by the change of the color of hornblende.
In the low-grade zone, the pleochroism parallel to y
is light green to green but becomes bluish green

towards the plutons. The most interesting feature
is that two amphiboles-actinolite and aluminous

hornblende-and two to three epidote minerals co-

exist in all zones, as shown by indices of refraction
measured in immersion liquids. It was therefore
highly desirable to determine the composition of
these coexisting minerals. The rock samples chosen
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for this study had already been chemically analyzed Description of the Rocks
(Hietanen, l9l3,Table 1). They includeintermedi- Metagabbro sample 796, O.3 mile south of the
ate and basic metavolcanic rocks and related intru- Granite Basin pluton, represents the highest meta-
sive rocks, metadiorites, and metagabbros. morphic grade. It is a coarse-grained dark rock in

Samples of meta-andesite and metadacite (sam- which black hornblende contrasts with white an-
ples 463 and464) are from successive layers in the orthite (Ansr). Thin sections show that most of the
Franklin Canyon Formation, 3.2 miles east-southeast large amphibole grains are pale-green to colorless
of the Granite Basin pluton (Fig. 1). Sample 465 is actinolite (yAc - 20o) mottled with blue-green
from a small body of metadiorite a few meters wide amphibole (Fig. 2). All large grains are rimmed by
just south of the locality of metadacite sample 464. blue-green amphibole that is strongly pleochroic in
Because of their proximity, these three rocks most blue green (y), green (F), and light green (o) and
likely recrystallized at the same PT conditions at the has yAc = 22o. In addition, small euhedral prisms
border of the greenschist and epidote amphibolite of blue-green amphibole are included in anorthitic
facies. The four other samples (Sp. 796, 546, 551, plagioclase. Most plagioclase grains are granulated,
532) were collected from 0.3 to 0.8 mile outside individual grains averaging 0.01 mm in size, but
the contact of the Granite Basin pluton. The rocks some are large and have mottled extinction and ir-
in this contact zorre are coarser grained and show a regular twinning lamellae. Some of these lamellae
higher grade of metamorphism than those farther consist of rows of tiny small grains; others have wavy
from the contact. borders similar to those described in an earlier report

XPLANATIOI{

Ftc. L Maior geologic units and locations of the specimens studied (796, 546, 463, 532 arrd
464) in the Feather River area.
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Frc. 2. Amphibole grains consisting of hornblende
(shaded) and actinolite (unshaded). Black is magnetite. fn
the high grade zone (796) actinolite has rims and patches
of blue green hornblende, and small prisms of hornblende
are included in anorthitic plagioclase. In the low grade
zone (465) large grains consist either of actinolite with
patches of green hornblende, or of hornblende that includes
and is rimmed by actinolite. Small prisms of actinolite are
included in albite.

(Hietanen, 1951, Fig. 2I) and are thought to have
crystallized from zoisite at elevated temperatures
near the plutons. All three epidote minerals, epidote,
clinozoisite, and iron-poor zoisite, are present.
Epidote and clinozoisite are in individual grains or in
clusters, which are surrounded by a mass of small
grains of zoisite dusted with tiny inclusions (Fig. 3).
Some clinozoisite grains contain patches of epidote;
some others have twinning lamellae. All epidote
minerals contain inclusions of leucoxene, and are
accompanied by some chlorite and quartz. A few tiny
grains of ilmenite-magnetite occur as an accessory.

Metagabbro sample 546, O.4 mile east of the
Granite Basin pluton, is mineralogically and textur-
ally similar to the metagabbro of locality 796, except
for the absence of zoisite. a lower anorthite content
(Anto) in plagioclase, and less actinolite. A few
blue-green hornblende prisms have actinolite ends.

Metabasalt sample 551, 0.8 mile east-northeast of
the Granite Basin pluton, is a dark-green to black,
weakly foliated rock that consists mainly of small
prisms of hornblende, opaque minerals, and albitic
plagioclase. In thin sections, hornblende prisms (0.2
to 1 mm long) are pleochroic in light blue-green and
light green and have colorless actinolite ends or, more
rarely, are partly rimmed by actinolite. They are sub-
parallel to the foliation or form radiating clusters.
Small very light green to colorless needles of ac-
tinolite occur next to the sreen hornblende and are

included in albite. Albite is in granulated grains
among the hornblende prisms and includes small
grains and clusters of epidote and some clinozoisite.
Numerous scattered anhedral to subhedral grains of
ilmenite (about 0.02 mm long) are included in horn-
blende; some larger ore grains are clustered parallel
to the foliation. Some leucoxene is included in horn-
blende and epidote minerals.

Meta-andesite sample 463, 3.2 miles east-south-
east of the Granite Basin pluton, is a fine-grained
gray-green dense rock that is either massive or
weakly foliated. Major constituents are light-green
to pale-green hornblende, colorless actinolite, epi-
dote, clinozoisite, and albite. Small amounts of
chlorite, leucoxene, magnetite, and pyrrhotite are
ubiquitous. The minerals are clustered; aggregates
consisting of amphiboles and some chlorite and
epidote minerals probably were originally pyroxene
phenocrysts. In the massive rock, green hornblende
occurs in anhedral to subhedral grains, 0.01 mm to
1 mm long. Many grains have pale-green to colorless
actinolitic ends and rims; all contain inclusions of
leucoxene. Actinolite also occurs as needles in albite.
Albite is in small (0.1 to 0.3 mm) grains ernbedded
in a mixture of small anhedral grains of epidote and
clinozoisite that is clouded by leucoxene. In some
small patches, however, euhedral crystals of epidote
minerals free of inclusions are included in albite or
in a mixture of albite, fine-grained epidote, and
leucoxene. Chlorite is in clusters of small flakes next
to the amphiboles in the massive rock and with
epidote minerals along the foliated shear zones. The
opaque minerals, pyrrhotite and magnetite, are in
subhedral grains, 0.01 to 0.5 mm in size.

Metadiorite sample 465, which is considered to
be an intrusive equivalent of the meta-andesite and
metadacite, is an equigranular rock in which dark-
green hornblende crystals contrast with the white to
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Frc. 3. Textural relations between epidote minerals from
the high grade zone (795) and the low grade zone (464).

ep - epidote, cz = clinozoisite, zo = zoisite. Domains,
lamellae, and stringers of epidote in clinozoisite (far right)
are textures seen in immersed fragments. The other grains

are sketched from thin sections.
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pale green mixture of albite and epidote minerals.
Amphibole is in subhedral to euhedral prisms, 0.2 to
1 mm long, that are pleochroic in light to medium
green; many prisms have pale green to colorless spots
and ends (Fig. 2). Albite and epidote minerals form
clusters that have outlines of former plagioclase, or
they occur as small interstitial grains between these
clusters and the hornblende prisms. Some of the
epidote minerals are in large (0.5 mm long) crystals.
Quartz is in small (0.01 to 0.5 mm long) grains or
groups of grains among the other minerals. In places,
clusters of very pale green chlorite flakes with brown-
ish gray interference color occur between the amphi-
bole and epidote minerals. Sphene is in anhedral
grains adjacent to epidole or hornblende. Most of the
original magnetite is altered to hematite.

In the metadiorite sample 532,1mile south of the
Granite Basin pluton, anhedral grains (0.5 to 1 mm
long) of green amphibole are embedded in a mix-
ture consisting of albite and epidote. The amphibole
is pleochroic in light bluish green to pale green and
includes leucoxene. Albite grains are subhedral, 0.2
to 0.5 mm long, and include numerous small sub-
hedral to anhedral crystals of epidote, some of which
are clustered. A few patches, 0.5 mm long, consisting
of tiny flakes of chlorite, occur next to amphibole
grains. Magnetite is partly altered to hematite, and
sphene to leucoxene.

Sample 532 is from the southeastern end of an
elongate body that was emplaced along a fault zone
(Camel Peak fault in Fig. 1). The major part of the
body consists of light-colored porphyritic meta-
trondhjemite that contains about 35 percent quartz,
25 percent albite, 18 percent epidote and clinozoisite,
15 percent hornblende, and 7 percent chlorite. Small
grains of ilmenite-magnetite are enveloped by sphene.
Hornblende prisms have pleochroism 7 = hght blue-
green, B = light green, d - pale green. Only a few
small prisms of actinolite occur with green horn-
blende. Most of the clinozoisite is in long prisms
among round grains of quartz that filI the fractures
in the rock. Some slender needles, however, are in-
cluded in albite. Thus metatrondhjemite in the main
part of this metamorphosed intrusive body has two
amphiboles and two epidote minerals, as do the
other specimens studied. The occurrence of only a
green hornblende and an epidote in the metadiorite
(Sp. 532) indicates physical conditions different
from those elsewhere during the recrystallization of
this rock; perhaps this metadiorite is a later dike-like
body in which epidote is late magmatic, comparable

with the epidote in the Jurassic plutons. It is also
possible that there is a submicroscopic intergrowth
of two phases in each mineral.

Metadacite sample 464 is a light-grayish-green
inhomogeneous slightly foliated rock, in which dark
patches, I to 20 mm long and consisting of chlorite,
amphibole, clinozoisite, and epidote, are in the
matrix of albite, quartz, chlorite, and epidote min-
erals. Amphibole is in small colorless to pale-green
prisms that have ragged ends. Chlorite, the major
dark constituent, is colorless, has a gray to brownish
gray interference color and negative elongation, and
includes tiny grains of leucoxene along its cleavage
planes. Albite is in clusters of equant, subhedral
grains that include epidote minerals and some small
prisms of amphibole. Clinozoisite, the major epidote
mineral, is clustered either with chlorite or with
albite. Some clusters show the outlines of former
pyroxene or former plagioclase. Epidote occurs either
as individual grains or with clinozoisite (Fig. 3).
The opaque minerals, pyrrhotite and magnetite, are
in anhedral grains 0.2 and 0.5 mm in size. Albite is
twinned and includes epidote minerals, chlorite, and
some muscovite.

All these rocks are exceptionally poor in potas-
sium (Hietanen, 1973, Table 1); KzO content ranges
from 0.03 to 0.21, percent.

The question about the possibility of equilibrium
between the coexisting amphiboles and epidote min-
erals has to be considered in the light of thermal his-
tory of the host rocks. There were two periods of
metamorphism: (1) low-grade regional metamor-
phism during which albite, epidote, actinolite, chlo-
rite, and quartz crystallized from plagioclase, pyrox-
ene, "igneous" hornblende, and biotite with or
without quartz (the recrystallization may have not
been complete); (2) later contact metamorphism at
higher temperatures gave rise to crystallization of
hornblende, clinozoisite, and zoisite at temperatures
where epidote, actinolite, and chlorite were still
stable. The absence of relict primary igneous min-
erals and chemical changes in bulk composition in-
dicate a thorough reconstitution of rocks.

Textural relations in the high-grade zone (Sp.
796) suggest that the rims of blue-green hornblende
around actinolite may have prevented further re-
action between the actinolite cores and the plagio
clase in the matrix. However, the occurrence of blue-
green hornblende in patches in the centers of
actinolite with its absence in parts of the rims refutes
this concept and shows that a low rate of diffusion



26 ANNA HIETANEN

of Al and Na was not the reason for preservation of
actinolite cores. The high anorthite content of plagio-
clase (Ane3) suggests that lack of available Na was
one of the determining factors, but not the only one
because the composition of blue-green hornblende *
actinolite could give green hornblende with less Na.
The occurrence of blue-green hornblende only in the
high grade zone shows that it crystallized at elevated
temperatures from bulk cornpositions similar to
those that in the low grade zone produced green
hornblende, albite, and actinolite. In parts of the
metagabbro, as in sample 546, very little actinolite
remains and plagioclase is Ant6. This sample, col-
lected a little farther from the contact of the pluton
than sample 796, is thus from a somewhat lower
temperature zone. Although considerable amount of
sodium remains in the plagioclase, a few blue-green
hornblende prisms in sample 546 have actinolite
ends. The actinolite ends and rims are more common
and remnants of the cores more rare farther from
the pluton (Sp. 551). These ends and rims crys-
tallized. last, probably after the maximum metamor-
phic temperature was passed.

The textural relations between epidote and clino-
zoisite (Fig. 3) suggest that they coexist in equili-
brium. Clinozoisite is in anhedral or in euhedral to
subhedral crystals next to or among the anhedral epi-
dote grains. Lamellae, stringers, and domains of epi-
dote in clinozoisite resemble textures due to exsolu-
tion. Zoisite occurs only in the highest grade zone; it
rims grains and clusters of epidote and clinozoisite
and is thus later. The abundant dust-like inclusions in
it are probably iron oxide exsolved when zoisite crys-
taJlized from epidote.

Optical Properties of Minerals

In the highest grade zone (Sp. 796) the blue-
green hornblende is strongly pleochroic; farther from
the pluton (Sp. 551) the colors are much lighter,
and green hornblende in the low-grade zone has 7 =
light green,0 = light green to olive green, ?Dd a =
pale green. Actinolite in all specimens has 7 * pale
green and B and a from very pale green to colorless.
Many amphibole grains in samples 463, 464, and
465 have green centers and colorless rims. The con-
tact between the center and the rim is usually diffuse.
Many grains show intergrowths either of fine lamel-
lae or of equant to elongate domains of green amphi-
bole in colorless actinolite, all the green amphibole
showing higher indices of refraction. Each amphi-
bole has remarkably uniform indices of refraction

(Table 1) in all the rock types except in metabasalt
sample 551, where they are somewhat higher; r A c
is generally 21" to 26" for the hornblende and about
15o for the actinolite.

The indices of refraction of amphibole grains
(Table 1) can be correlated only in a general way
with the microprobe analyses that were done in
polished thin sections. The highest indices measured
for actinolite are in sample 551, in which Fe/Mg
ratio is higher than in the other specimens (Hiet-
anen, 1973). Also the hornblende in this rock has
higher indices of refraction than the hornblende in
the other specimens apparently due to a high iron
content (see Table 2a). High aluminum content,
such as that in the blue-green hornblende in sample
796, affects indices of refraction far less than high
Fe content. Specimens 463 and 465 also contain
grains of actinolite similar to those in specimen 796.
Only one amphibole, the gteen hornblende, was de-
tected in the mineral powder from sample 532.

The epidote concentrate of the powdered rocks
revealed two epidote minerals in all the samples,
except in metadiorite sample 532 and in sample 796,
which have one and three epidote minerals respec-
tively. Many grains appeared to consist of small do-
mains of epidote (with indices of refractioh higher
than I.72) in clinozoisite (indices lower than 1.72).
The high index domains range from lamellae parallel

Tegrn 1. Indices of Refraction of Amphiboles, Epidote
Minerals. and Chlorite
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to the cleavage and perthitelike intergrowths to small
equant domains of epidote in clinozoisite, all of
which still show ultrablue interference color (Fig. 3,
at right). The contacts between the domains and the
host mineral seem sharp.

The measurements in the individual samples (Ta-
ble 1) show that the indices of refraction of epidote
and clinozoisite in the samples from the low grade
zone tend to be higher than those from the high
grade zone. In all the epidotes 2V,is large. In addi-
tion to clinozoisite and epidote, zoisite with gray
interference colors, parallel extinction, 2V" - 59",
and indices of refraction lower than those of clino-
zoisite occurs in metagabbro (sample 796). The
highest 7 measured is given for clinozoisite in Table
1. This value is higher than would be expected on
basis of a large *2V and is due to a range in com-
position.

Chlorite occurs in clusters of small flakes in all
rocks. It is most abundant in metadacite sample 464
and occurs only sporadically in metagabbro sample
796.|t is pleochroic y = P = grseh, a = colorless
in samples 796, 551, and 532, but very pale green
to colorless in the other samples. The indices of re-
fraction of the green chlorite in sample 532 are
somewhat higher, and those in sample 796 are lower
than the indices of the common pale variety (Table
I ). All chlorites have brownish gray interference
color, negative elongation, and small *2V.

The indices of refraction of plagioclase (Table 1)
indicate that it is albite in the low grade zone and
anorthite at the highest gtade next to the pluton.

Composition of Minerals

Separation of minerals for wet chemical analyses
u/as not feasible because of many small mineral in-
clusions, such as leucoxene and ore minerals. Even
a reasonably clean fraction of blue-green amphibole
that has been chemically analyzed (Hietanen, 1973,
Table la, anlal. 796h) contained a few colorless
amphibole grains. The major constituents-amphi-
boles, epidote minerals, plagioclase, and chlorite-
were therefore analyzed by electron microprobe by
G. K. Czamanske. In each sample, several grains of
optically different types of amphibole and epidote
minerals were chosen for analyses (Tables 2a and
3). Chlorite was analyzed in five samples (Table 4),
and plagioclase in six (Table 5).

Some of the accessory minerals, such as ilmenite
in sample 551, sphene in samples 532 and 465, and
leucoxene in samples 463 and 532, were checked

with the electron microprobe for their Ti, Mn, and
Mg contents. Irucoxene was found to consist of 93
to 98 percent TiOp.

Analytical Techniques
by G. K. CznrvreNsre

Grains of albite, amphibole, chlorite, epidote, and
zoisite in carbon-coated, polished thin sections were
analyzed with an Ant nux-su electron microprobe.
Accelerating potentials were chosen to minimize
effects of interferences on the important light consti-
tuents Al, Mg, and Si (see Desborough and Heidel,
l97l). The following analytical conditions were
used: Ca, Fe, Na were run at 15 kilowatts, whereas
Si, K, Al and Mn, Ti, Mg were run at 10 kilowatts.
Sample current on benitoiie was 0.2 g. amperes at 15
kilowatts and 0.03 p amperes at 10 kilowatts, with a
beam diameter of 2 to 3 microns. Typically, 6 to' 12
points per grain were analyzed for each set of three
elements, for counting intervals of about 10 seconds
(actual count intervals were fixed by beam current
termination). Raw count data were corrected for
drift, background, absorption, fluorescence, and
atomic number with the aid of the Fortran IV com-
puter program of Beeson (1,967).

Standards for albite, epidote, and zoisite were the
following oxides: AlzOs, FezOe, MgO, MnOz, SiOz,
TiOz, and the following three silicates from Goldich,
Ingamells, Suhr, and Anderson (1,967): albite from
Amelia County, Virginia (Na), Or-1 (K), and Px-l.
For the amphiboles, a homogeneous, hastingsitic
amphibole [Nao.uz Ko.zs Car.zs (Alo tr Fe3*a 6p Tia.37
Mgr.ozFe'*z.seMno.oo) r.tsSi6 26,{11.72O2OH )zl was em-
ployed. A homogeneous biotite [K1.seNao.67Bao.e3
(M&.sn Fe'*r.oa Mno.* Ab.or Fe3*o.ze Cro * Tio rs)s.ss
Sib.?2A12.28Ozo(OH)nl was used to analyze the chlo-
rites, with the amphibole above as a Ca standard.
Both the amphibole and biotite were analyzed by
wet chemical techniques by C. O. Igamells, have
been checked on the microprobe against many other
superior standards, and are routinely used as stand-
ards because of their purity and homogeneity.

For purposes of comparison and further calcula-
tion, oxide weight percentage values reported in Ta-
bles 2, 3, 4, and 5 are consistently reported to two
decimal places, although in terms of expected ac-
curacy, no more than three significant figures can be
justified, e.9., SiO2 will be reported as 42.97 rather
than 43.0. In all tables 0.0 means less than 0.005.

Some of the spot analyses that consisted of highly
inhomogeneous counts were split into two parts: the
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TtB,LE?-a. Electron Microprobe Analyses, in Weight Percent, of Amphiboles from Metamorphic Rocks, Feather River Area
Analyst, G. K. Czamanske, U. S. Geological Suruey
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AMPHIBOLE, EPIDOTE, CHLORITE, AND PLAGIOCLASE IN METAMORPHIC ROCKS

Taer.B 2b. Structural Formulas for Amphiboles in Table 2a on Anhydrous Basis of 23(O)
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* t l e t  c h m i c a l  a n a l y s e s  f r o m  H i e t a n e n  ( 1 9 7 3 )

* * T h e  n u b e r  o f  i o n s  g i v e n  o n  l o w e r  l i n e  a r e  r e c a l c u l a t e d  f o r  F e r o ,  =  L 2 . 7 7  o f  t o t a l  F e o

high Al and high Fe counts were combined with the
low Mg counts to form one analysis and the low
Al, low Fe, and high Mg counts were calculated as
separate analysis. Analyses 3 and 9 were derived
from analysis 4 in this way. Analyses 14 and 1.6 arc
based on splitting counts from two grains and com-
bining high Al and Fe counts with low Mg counts
for 14 and low Al and Fe counts with high Mg
counts for 16. Analysis 28 represents low Al and
low Fe counts combined with high Mg counts, and

analysis 26 high Al and high Fe counts combined
with low Mg counts from the same grain.

Amphiboles

The composition of analyzed amphiboles (Table
2a) ranges from actinolite through actinolitic horn-
blende to a hornblende rich in aluminum, some
rocks containing the two end members and some
others intermediate compositions. Some of the in-
termediate compositions are averages of inhomo-
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geneous counts; they include analysis spots with
high Al and low Al counts, as well as spots with
high Fe and low Fe counts. Comparison of the split
analyses from inhomogeneous grains with the anal-
yses from homogeneous grains in the same sample
shows that the high Al and Fe counts combined with
low Mg counts give composition of blue green or
green hornblende (anal. 3, t4, and 26) whereas
the low Al and Fe counts combined with higlr Mg
counts (anal. 9, 16, and 28) give composition of
actinolite. This similarity of analyses based on se-
lected counts with the analyses of homogeneous
grains in the same sample supports the possibility of
bimodal composition of grains that give inhomogene-
ous counts. It seems likely that submicroscopic in-
tergrowths of actinolite and hornblende, similar to
those seen under the microscope although not de-
tectable optically, may give rise to the inhomogeneity
of counts.

In all probe analyses, 20 percent of total Fe was
calculated as FezOa to agree with the approximate
FezOg(FeO * FezOs) ratio in the host rocks after
an allowance to form epidote and accessories was

made. In the wet chemical analysis of blue-green
hornblende in sample 796, this ratio is 0.32 (Hiet-
anen, 1973, Table la, anal. 796h). This analysis
was recalculated on anhydrous basis of 23(O) and
is shown in Table 2a under *796. The two probe
analyses (1 and 2) of high Al grains in the same
sample are similar to this wet chemical analysis, all
three having about 1.9 percent Na2O and 15 to 16
percent AI2OB. Analyses L2 to 16 for the amphiboles
in sample 551 were also calculated for Fe2Os = 1.2.7
percent of total FeO to conform with the lower
p"2. 1(Fez' * Fe3*) ratio in the rock analysis (anal.
551, Hietanen, 1973, see also Fig. 6).

Structurol Formulae

Differences in the composition of analyzed amphi-
boles can be best compared on the basis of structural
formulas based on crystal chemistry and X-ray work
(Table 2b). According to the method of calculation
by Papike et al. (1969), all Si and a part of Al are
assigned to the eight tetrahedral sites. The remaining
Al, Ti and Fe3" together with Mg, Fe2* and Mn oc-
cupy the five octahedral sites M(l), M(2), and
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Terre 4. Composition of Chlorite and Muscovite in
Metamorphic Rocks, Feather River Area*

this ratio is 0.55, reflecting the high content of iron
in the host rock.

Both generalized formulas are derived from
tremolite mainly by two coupled substitutions that,
in completion, would lead to the compositions of
edenite and tschermakite. The extent of these
coupled substitutions differs; in the formula unit of
green hornblende, the edenitic substitution (NaAAlk
=,Iasit") is 0.3, and the tschermakitic substitution
(Alvtfiltv = Mgor,sit") is 0.7. In the blue-green
hornblende in sample 796, the corresponding values
are 0.5 and 1.2, and in sample 551 they average
0.4 and 1.1. However, the ratio of the edenitic
substitution to the tschermakitic substitution remains
constant and close to 3;7. For this scheme of two
coupled substitutions, the end member would be
hornblende Nao.oCas (Mg,Fe2. ) 3.6 (Al,Fes.) r.rAlzSie
Oze(OH)c in which edenitic substitution is 0.6 and
tschermakitic substitution is 1.4. Such a composition
is identical to the end member composition suggested
by Robinson, Ross, and Jaffe (1971') on the basis
of a more generalized study. Since the same amount
(20 percent) of total Fez* was changed to Fe!* in all

TesLB 5. Composition of Plagioclase in Metamorphic
Rocks, Feather River Area*
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* Electron microprobe analyses, in weight percent, by
G. K. Czamanske, U .5. Geologicol Suntey.

M(3). A small deficiency in these sites in analyses
16 and 28 is considered to be due partly to an
analytical error (both are composite of low Al
counts) and partly to the presence of Cr and V or
some other element not analyzed. The remaining Mn
and some Fe occupy, together with Ca and possibly
Na, the two M(4\ sites. The A-site is either vacant
(as in actinolite) or is occupied by Na and K (in-
cluding some Ca in three analyses), and the total
occupancy together with the excess of the octahedral
valences (Al3- + Fe3* * Tia*), balances the negative
charge of the tetrahedral sites (Al"). According to
this scheme, the results of calculation on an an-
hydrous basis of 23(O) from the U.S. Geological
Survey computer program E2lO arc shown in Table
2b. A generalized formula for the blue-green high-
Al amphibole is ( Na,K ) o. uCarM&. eFe2*1.nA16. eFes*e. 3
Alr.?Si6.sOpp(OH)r. The green amphibole has the
generalized formula: (Na,K)o.aCazMgg.zFe2*r.zAlo.z
Tro.rFes.o.aAlSi?Os2(OH)2. In both formulas Mn,
Fe2*, and Na, substitute for some of the Ca, so that
the total of Ca * alkalies ranges from 1.9 to 2.5.
Most actinolites have M#(Fe + Mg) ratios of 0.75
to 0.85; in the metabasalt (sample 551), however,
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probe analyses, the positions of points in the graphs
are only approximate.

Calculation of the analyses from sample 551
(Table 2b) shows that lowering of the Fe2O3 con-
tent from 2A to 12.7 percent lowers the Ali" value
by 0.03 and increases the z4-site occupancy by the
same amount, but that the total alkalies remain
constant. Therefore much of the discrepancy in
alkali/Al* ratio due to errors in estimation of Fe8.
can be avoided if total alkalies instead of ,4-site
occupancy are plotted against the tetrahedral Al con-
tent (Fig.4). In Figure 4 all points fall close to a
trend line that connects the average for the blue-
green hornblende to the origin. The ratio of total
alkalies to the tetrahedral Al content thus remains
constant and close to 1:3. This trend leads to an
extreme member marked by point "Hornblende" on
the line connecting pargasite to tschermakite. Alkati
content of the "Hornblende" is 0.66 and it has 2
tetrahedral Al. The analysis 26, which falls far below
the trend line, has 0.24 Ca ions in the z4-site, whereas
in most analyses Ca content is lower than2 and some
Na enters the M(4) sites. The l-site occupancy is
thus generally somewhat lower than the total alkali
content. In "Hornblende" the A-site occupancy is

+ E l a  + 5 7

+ 5 1

0.6 and the ratio (Na * K)A/Ali" = 0.3, which
value is only a little lower than the ratio of the total
alkalies to the tetrahedral Al.

The ratio of octahedral Al + Fe8* * Ti to tetra-
hedral Al (Fig. 5) is close to 0.7 for most analyzed
hornblende grains. A nearly similar ratio was sug-
gested by Leake (I965a, b) for the maximum pos-
sible Al"i content in Ca-amphiboles in general. Only
analysis point 26 in the Feather River area falls
significantly below the trend line. This analysis com-
bines high Al, high Fe, and low Mg counts from a
spot, and therefore the possibility of analytical error
is larger than in the analysis from homogeneous
areas. Analysis 26 shows an exceptionally large
amount of Ca and a low amount of alkalies. For
comparison, two wet chemical analyses of horn-
blende in the plutonic rogks (Hietanen, 1971., Table
1, anal. 474 and 522) werc plotted on Figures 4
and 5. The ratio of alkalies to tetrahedral Al is
similar to that in the green hornblende in the meta-
morphic rocks; the octahedral Al * Fe3* * Ti con-
tent and the extent of tschermakitic substitution.
however, are higher.

Comparison with the Published Analyses

Compton (1958) studied amphiboles from the
contact aureole of the Bald Rock pluton located 10
to 20 miles south-southwest of Granite Basin pluton.
Three of his analyses were recalculated on an an-
hydrous basis of 23(O) and plotted in Figures 4 and
5 (Anal. points C-2, C-3, and C-4). Two of these
analyses (C-2, C-3) have Ali" contents intermediate
between the green and blue-green hornblende near
Granite Basin pluton (Fig. a); the third (C-4) has
a composition closer to hastingsite than any other
amphibole in this region. The host rocks for these
three analyses are basaltic intrusive and extrusive
rocks similar to those of this study. Klein (1969)
made electron microprobe analyses of amphiboles in
four other specimens collected by Compton from the
southwestern contact aureole of the Bald Rock
pluton. The mineralogy given by him is similar to
that in the low grade zone near Granite Basin except
that only epidote, but no clinozoisite, was reported.
On the basis of textural relations, Klein suggested
that actinolite and hornblende may have crystallized
in equilibrium. Klein's analyses 2-6 and 2-7 for the
hornblende in metadolerite are similar to the green
hornblende in sample 551 in Granite Basin and
analysis 2-5 is close to the composition of horn-
blende in sample 465.

Edenite
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Tschermokite
0 2  0 4  0 6

Ac I  Ino l i le

Frc. 4. Plot of total alkalies against tetrahedral Al per
formula unit on basis of 23(O) for actinolite and horn-
blende. Numbers I to 29 refer to microprobe analyses of
Table 2. The others, added for comparison, are by wet
chemical methods and were recalculated on the anhydrous
basis of 23(O) per formula unit. Point 796 is for the wet
chemical analysis of blue-green hornblende in sample 796
(Hietanen, 1973). Analysis points 522 and, 474 are for
hornblendes in the plutonic rocks in the study area
(Hietanen, l97l); C2, C3, and C4 are for three amphi-
boles from the neighboring Bidwell Bar area (Compton,
1958); El4 and E415 are for hornblende from the Emery-
ville area, Adirondack Mountains, New York (Engel and
Engel, 1962);963 is for hornblende in garnet amphibolite
and 608 for hornblende in kyanite-bearing rock, Idaho
(Hietanen, 1963); Sl and 57 are for hornblende from
Airola, Switzerland (Steiger, 1961).
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Leake (1955a, b, 1968, 1971) has compiled
nearly 1500 analyses of calciferous and subcalci-
ferous amphiboles from the literature and has con-
cluded that the content of Al'i is controlled by rock
composition and pressure and that the maximum
possible Alnr increases as Alio increases. He has also
suggested a nomenclature based on Si and Ca *
Na * K contents in the half-unit cell. The analyses
of the blue-green hornblende in the Feather River
area fall within tschermakitic hornblende, and those
of the green hornblende within magnesio-hornblende
in his scheme. These names are not adopted here
because of chemical features (Figs. 4 and 5 ) that
bring the blue-green hornblende closer to the parga-
site type than to the tschermakite type hornblende.
Ernst ( 1968) uses the name pargasite for NaCa2Mg+
AlSi6Al2Oe2(OH), and the name hastingsite for the
corresponding ferrous ferric end member NaCa2Fez*a
Fe"SioAlzOzr(OH),r. In the blue-green hornblende
analyzed chemically (anal. 796), the extent of sub-
stitution of Mg by Fe2. and that of octahedral Al by
Fe3* are both 1 :4. Thus the end member called
pargasite in the graphs (Figs.4 and 5) actually is a
member that consists of 3/4 pargasite and, l/4
hastingsite, using the nomenclature of 'Ernst (1968)
and Phillips and Layton (1,964).

Robinson, Ross, and Jaffe (1971, Fig. 8) have
plotted A-site occupancy against tetrahedral Al for
a large number of hornblende analyses selected from
the literature. The trend in their diagram is remark-
ably similar to the trend in Figure 4 of this paper,
except for a much greater scatter of points. This
scatter is probably due mainly to differences in en-
vironments of crystallization because these analyses
represent a collection of Ca-amphiboles from various
geologic environments and diverse PT conditions.
For comparison, two analyses of green hornblende
from an anorthosite area in Idaho (Hietanen, 1963,
anal. 608, p. 43, and anal. of hornblende in sample
963, p. 33) are plotted in Figures 4 and 5. These
hornblendes crystallized at the pressure of the triple
point of kyanite, andalusite, and sillimanite 1-5
kbar) and plot under (in Fig. 4) or above (in Fig.
5 ) the trend line for the hornblendes in the Feather
River area, where the pressure of crystallization was
lower (-{ kbar). The ratio of z4-site occupancy to
tetrahedral Al for these hornblendes is 1 :4. Similar
ratios ( I :4 and 1 :5 ) were calculated for two ana-
lyzed gedrites in this area (Hietanen, 1959, 1963).

Added for comparison in Figure 4 are two analy-
ses (E-14 and E 415) for blue-green hornblende

from Emeryville, Adirondack Mountains, New York
(Engel and Engel, 1962) and two (S-1, $7) for
hornblende in the Tremola series, Switzerland
(Steiger, 1961). Metamorphism in Emeryville was
in the amphibolite facies and in medium pressures,
whereas the Tremola series recrystallized at higher
pressures as shown by the occurrence of staurolite
and kyanite in the pelitic layers south of St. Gotthard
(Hezner, 1909; Hafner, 1958). The ratio of (Na *
K)A/Alt' for the hornblende analysis S-1 is 1 :7, in-
dicating a much higher content of tschermakite mole-
cule than is present in the other hornblende analyses
shown in Figure 4. Frey (1969, p. 68) gives two
analyses of hornblende in kyanite-bearing rock at
Frodalera, south side of St. Gotthard massive. These
and a partial reanalysis of one of them given by
Leake (1971, p. 394) confirm the high content of
tschermakite in the hornblendes of this area.

Iron, Magnesium, and Titqnium Contents

The iron-magnesium ratio and the titanium con-
tent of amphiboles depend more closely on the Fe,
Mg, and Ti contents of the host rocks than on the
grade of metamorphism.

The Mg/(Fe * Mg) ratio shows considerable
variation but generally decreases slightly with in-
creasing tetrahedral Al. All the actinolites are rich
in magnesium. The amphibole pairs-the Al-rich
hornblende and actinolite-in the metabasalt (Sp'
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Frc. 5. Plot of octahedral Al { Fe8* } Ti against tetra-

hedral Al per 23(O). Numbers refer to the same analyses

as those in Figure 4'
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551) are richer in iron than any other amphibole.
This is due to the bulk composition of the meta-
basalt, which has Fe/Mg = 1, whereas in all the
other host rocks this ratio is less than l/2 (Hietanen,
1973). Compton's (1958) hastingsite (C-4) with
only one Mg substituting for Fe2* is from an iron-
rich layer in metabasalt east of Feather Falls.

To test the possible influence of oxygen fugacity
on the Me/(Me * Fe) ratio of hornblende, this
ratio was plotted against Fes-/(Fe2. * Fe3.) in the
host rocks (Fig. 6). Separate curves were drawn by
visual inspection for amphiboles with high, low, and
median Al contents. In each of the amphibole groups
the Mg/(Mg * Fe) ratio increases with increasing
degree of oxidation of the host rocks. Bard (1,970)
has found a similar relation in the Ca-amphiboles
from a comparable geologic setting in Spain.

TiO2 content of the amphiboles is variable. It
does not increase with the prograde metamorphism
as has been found at higher grades by other authors
(Binns, 1965b; Engel and Engel, 1962); rather it
seems to depend on the available TiOz content of
the host rocks. It is lowest in amphiboles from meta-
gabbro 796 in which percentage of TiOz is only
0.11 (Hietanen, 1973). It is highest in amphibolas
from the low grade meta-andesite (sample 463) and
metadiorite (sample 465) that have 0.75 and 0.54

7 2l+17 s2+1Fe3. in hosl roc k
FIo. 6. Plot of Mg/(Fe * Mg) in the amphiboles against

FeB*/(Fd* * Fe*) in the analyzed host rocks. Numbers
along abscissa refer to rock analyses in Hietanen (1973).

percent TiO2, originally contained in sphene and
pyroxene. Metabasalt sample 551 has 2.03 percent
TiOz, but most of it is in ilmenite. that was more
stable than sphene and pyroxene during recrystalliza-
tion.

Influence ol Temperature

The composition of the aluminous hornblende is
influenced more by the grade of metamorphism than
is the composition of actinolite. Comparison of
amphiboles from metagabbro (sample 796), col-
lected 0.3 mile from the pluton, and those from
metabasalt (sample 551), 0.8 mile from the pluton,
reveals that those closer to the pluton (sample 796)
contain blue-green hornblende that is richer in Alt'
and alkalies than hornblendes from those farther
from the pluton. Thin-section studies of scores of
other specimens show that generally near the con-
tacts of the plutons the hornblende is blue green,
whereas elsewhere the amphiboles are green to pale
green. Analyzed green hornblendes such as those in
metadiorite samples 465 and 532 contain much less
aluminum and alkalies but have about the same
iron-magnesium ratio as the blue-green hornblende
in sample 796 (l-3, Table 2b). Thus the Alt' and
alkali contents of the hornblende increase with in-
creasing grade of metamorphism, whereas the iron-
magnesium ratio depends on the bulk composition
of the host rock.

fncrease in the alkali and Alt' contents of horn-
blende with increasing grade of metamorphism has
been reported by many earlier workers in different
parts of the world (e.g.,Deer, Howie, and Zussman,
1963, pp. 304-305). Binns (1965a, b) found a
prograde increase in the content of alkalies, titanium,
and tetrahedral aluminum in hornblendes from basic
hornfelses at Tilbuster and in the Broken Hill dis-
trict, New South Wales. However, in a similar con-
tact zone at Moonbi, the content of Ali" in horn-
blende remained roughly constant. Cahill (nee
Macara, 1968) described a definite increase in Ail"
and alkali contents in hornblendes from basic horn-
felses in southern New South Wales. Bard (1970)
has pointed out that an enrichment of alkalies and
increase in Ti and Alto contents in hornblende with
the increasing P and ? exists but that their extent
varies.

The relation between the tetrahedral Al contents
of the amphibole pairs-actinolite and hornblende-
and the estimated temperature of recrystallization
in the Feather River area is shown graphically in
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Figure 7. The temperature in the zone next to the
contact (Fig. 1, sample 796, 546) of the plutons is
estimated at 600"C on the basis of absence of silli-
manite and coexistence of andalusite and cordierite
in the pelitic layers. In the zone O.6 to 1.2 miles from
the contact (sample 551 and 532), where staurolite
occursi with andalusite in the pelitic layers, tempera-
ture may have been about 500oC. For samples 465,
463, and 464 that arc 3.2 miles from the contact,
the temperature of recrystallization was estimated at
350'C on the basis of mineral assemblages albite-
actinolite-clinozoisite-epidote-chlorite and albite-
chlorite-muscovite-biotite without garnet. Two curves
connecting the actinolites on one hand and the
aluminous amphiboles on the other were drawn by
visual inspection. The points for the amphibole in
sample 532 (23, 24, 25) fall in the "miscibility
gap" between actinolites and hornblendes of medium
temperature. This quartz diorite has only one amphi-
bole and only one epidote mineral, suggesting that
it crystallized in physical conditions that were dif-
ferent from those of the other specimens in this zone.
It may be a later dike crystallized at igneous tem-
peratures as shown by arows in Figure 7. The tetra-
hedral Al content in the "igneous" hornblende in this
area (Hietanen, l97l) is plotted in Figure 7 (474,
522) at temperatures of the beginning of the melting
of quartz diorite and quartz monzonite in order to
indicate the upper limit of the possible immiscibility.

The coexistence of two amphiboles, actinolite and
aluminous hornblende, has been previously described
by Shido (1958) and by Shido and Miyashiro (1959)
from the Abukuma plateau, Japan, and from two
specimens of epidiorite in the Scottish Highlands.
According to their descriptions, the parallel inter-
growths and patches and rims of blue-green horn-
blende within and around actinolite are similar to
the intergxowths of actinolite and aluminous horn-
blende in the Feather River area. Shido and Miya-
shiro (1959) suggested that there may be a misci-
bility gap between the actinolite and hornblende at
about 1.0 AF". The Allo content, however, is typical
of the green hornblende in the Feather River area,
and the miscibility gap, if. any, is a function of T
(Fig. 7). Also Klein (1969) suggested that coexist-
ing amphiboles may very likely represent equilibrium
pairs across a miscibility gap.

Epidote Minerals

Electron-microprobe analyses of epidote minerals
(Table 3) represent relatively homogeneous single
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FIc. 7. Estimated temperature of recrystallization of the
amphiboles against tetrahedral Al per 23(O). Numbers
refer to Table 2. Points (X) are for "igneous" hornblende
from Hietanen (1971).

grains or groups of grains; exceptions are discussed
below. Composition ranges from zoisite and clinozoi-
site with little iron to epidotes with pistacite, Ca2Fe8*B
Sisor2(OH), contents as much as 26 molecular per-
cent. Most analyses show small amounts of man-
ganese, titanium, and potassium. In the calculated
formula units, the silicon content is only a little higher
than the ideal three atoms, and the calcium content
is somewhat lower than two atoms. Two analyses
(30 and 31) of zoisite in metagabbro sample 796
have some sodium that replaces calcium. The varia-
tion of Al and total Fe as Fe3* is shown in Figure 8.
All analyses except 38 fall on a linear trend as they
should. Analysis 38 was computed using the two
highest iron counts from the grain; the remainder of
the counts gives analysis 36. Analysis 38 is thus not
an independent analysis but rather shows, together
with analysis 36, the extent of possible variation in
iron content within an individual grain. Analysis 37
from the same specimen represents a homogeneous
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FIc. 8. Plot of Fe3* against Al in the epidote minerals'

Numbers refer to Table 3.
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grain; thus 36 and 37 indicate the dominant com-
position.

The range of pistacite content in some individual
samples is greater, and in others smaller, than would
be expected on the basis of the indices of refraction
measured on the mineral powders. Some of this dis-
crepancy results from averaging the counts in the
microprobe analyses. For instance, analyses of epi-
dote in sample 465 (Table 3, anal. 41 and 42) show
18 to 19 percent iron end member (pistacite), but
the highest microprobe counts for iron in this sample
correspond to 11 percent FeO, equivalent to 22
molecular p€rcent pistacite. In contrast, the lowest
counts yield 6 percent FeO and thus about 12 mole-
cular percent pistacite. Both clinozoisite and epidote
were identified optically in mineral powder (Table
I ). The composition based on the high iron counts is
in agreement with the highest indices of refraction
measured, but the lowest counts correspond to a
higher content of pistacite than is indicated by the
lowest indices of refraction. These relations are in
general agreement with the exsolution textures seen
in immersed grains (Fig. 3). Further discrepancies
result from the inhomogeneity of the host rocks; the
probe analyses were made in a single polished thin
section, which represents a limited sampling of the
specimen from which mineral concentrate for immer-
sion work was prepared. For example, in sample 532
high index domains (t = 1.754, Ps 22) were de-
termined optically in some grains of bulk composi-
tion Ps 14 (y - 1.742). The electron-microprobe
data for epidote in this sample (Table 3, anal. 43-
45), however, indicate that the analyzed, glains are
homogeneous and contain 16 to 17 percent pistacite.
Only two of the three epidote minerals in the meta-
gabbro sample 796 were present in the polished thin
section; the third is an epidote optically similar to
epidote in samples 532 and 551. Clinozoisite in
sample 796 is inhomogeneous; analyses 31 and 34,
representing discrete crystals, reflect the observed
limits in Ps content. Zoisite in sample 796 occurs as
veinlets and pods and formed later than the other
epidote minerals.

Thus the results of electron microprobe work and
the indices of refraction together with exsolution
textures suggest that two distinct phases, an iron-
poor clinozoisite and iron-rich epidote, are present
in all samples except in sample 532. A similar rela-
tionship has been discussed by Strens (1965) from
two localities where a "miscibility gap" in the cline
zoisite-epidote series occurred between compositions

Ps 8 and Ps 28 at low temperatures'. Sterns attributed
this to the presence of strain in the mixed crystals at
temperatures below 550"C.

This can be further considered in the light of the
structure of epidote. According to Ito, Morimotq
and Sadanag?i. (1954\, epidote consists of chains of
(Al,Fe3.) Oo and (Al,Fe3-) Or (OH)B octahedra par-
allel to b axis and bound together by Al,Fe3*, Ca,
and Si atoms. Miyashiro and Seki (1958) have sug-
gested that the AIO and AIOH sites in the chains
are filled mainly with Al atoms whereas the Fe8*
atoms are located between the chains. In the com-
mon epidote CazAl:FeSigolr(OH) all the octahedral
sites between the chains would be oceupied by Fe8.
to give a "stable" or unstrained structure.

According to the recent refinement of epidote
structure by Dollase (L971), the edge-sharing Al
octahedra form two types of chains: a single chain
of M(2) octahedra and a multiple zig-zag chain of
central M(l) and peripheral M(3).These chains
are cross-linked by SiOe and SizOz groups and Ca is
in large cavities between the chains and links. The
single chain octahedra M(2) contain only Al atoms
and the substitution in the multiple M(I)-M(3)
chain is nonuniform, the M(3) sites containing a
larger fraction of Fe3* than the M(1) site. In the
low-iron epidote, all Fe3* is in M(3) sites.

All the analyzed epido,tes (Table 3) have con-
siderably more Al than would be necessary to fill
the M(2) and M(l) sites in chains. If it is assumed
that all Fe3* is in M(3) sites, about 3/4 of these
sites are filled with Fe3* in epidotes from the low
grade zone and only about l/3 of these sites in the
coexisting clinozoisite contain Fe3*. In epidotes from
the high grade zone (Sp. 551, 546), about 1,/2 ot-
the M(3) sites are occupied by Fe3. atoms. These
differences in the extent of substitution of Fes* for
Al indicate that certain substitutions may be more
stable than some others at a given temperature.

Myer (1966) has reported coexistence of ferrian
zoisite and epidote from calc-silicate rocks in Nor-
way. Compositions given by him indicate 0.11 Fe'-
atoms per formula unit in ferrian zoisite (Ca2Al2.st
Fe3"e.11Si3O1zOH) and 0.37 to 0.63 FeS. atoms in
coexisting epidote Caz (Al,Fe3*) 3SisO12OH.

The stability relations between the epidote min-
erals have been experimentally investigated by Nitsch
and Winkler (1965) and by Holdaway (1966).
According to Holdaway (L966),i, clinozoisite and
quafiz react to form anorthite plus grossularite 'at

about 660'C at pressure of 4 kbar. Nearly similar
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results were obtained by Nitsch and Winkler (1965),
who further showed that at pressures higher than
3.5 kbar the stability field of zoisite extends to a
higher temperature than that of epidote. This rela-
tion may explain the occurrence of zoisite near the
contact of Granite Basin pluton (sample 796). At
elevated temperatures near the pluton, zoisite crystal-
lized in addition to clinozoisite.

Chlorite and Muscovite

The composition of chlorite (Table 4) is more
uniform than that of the amphiboles and epidote
minerals. Tetrahedral Al is close to 2.5, and octa-
hedral Al is 2.55 to 2.73 in all analyzed chlorites.
Mg/(Fe + Mg) ratio is 0.64 to 0.83, and the
chlorite in metagabbro sample 796 is richest in
aluminum and magnesium.

Some muscovite occurs with chlorite in metagab-
bro sample 796. Electron-microprobe analysis (Table
4) shows that it is a po'tassium-aluminum mica with
only about 1 percent MgO and little sodium and
iron. Its phengite content is about 7 molecular per-
cent.

Plagioclase

Plagioclase is anorthite in metagabbro sample 796
and bytownite (Anzr) in the metagabbro sample
546 (Tables 1 and 5). In all the other specimens,
it is albite. The presence of irregular twinning lamel-
lae with relict granular textures in specimen 796
suggests that the anorthite crystallized from zoisite
at elevated temperatures. This unusual sequence of
crystallization is supported by the extreme composi-
tion of anorthitic plagioclase. The bulk composition
of the host rocks (Hietanen, 1973) indicates exten-
sive changes in the chemistry of all metavolcanic and
meta-igneous rocks during their recrystallization. All
are impoverished in potassium, and most also in
sodium. As a result, petrochemical norm calculations
yield a high anorthite content for plagioclase. An-
orthitic plagioclase crystallized in equilibrium with
epidote from this composition at temperatures close
to 600'C.

Distribution of Fe, Mg, and Al Among
Homblende, Chlorite, and Epidote

The occurrence of amphibole pairs and two to
three epidote minerals together raises the question
of distribution of elements among these minerals.
It is evident that the distribution changes with the
increase in metamorphic temperatures. Normally,

iron-rich epidote crystallizes with magnesian actino-
lite at low temperatures of the green schist facies.
Clinozoisite and epidote are common with horn-
blende at intermediate temperatures whereas zoisite
is the only epidote mineral at very high temperatures
and pressures. Since the major changes in composi-
tion in both mineral groups are tied to the changes
in Al and Fe contents, the percentages of Alrot
and FeO for each mineral in samples from the high
grade zone were plotted in the same graph (Fig. 9).
Individual analysis points for each mineral were con-
nected by a solid line, which shows the range of
Al2O3 and FeO contents.

4 P_.  t2  16 20
Act ino l r le l  lB lue -  green hornblende

We igh l  pe rcen l  i n  omph ibo le
Frc. 9. Distribution of ALO' and FeO in the analyzed

amphiboles and epidote minerals in the high grade zone.
The range of the percentage of these oxides in minerals is

shown by solid lines, and the coexisting minerals of the

same species in sample 796 are connected with broken lines.

Epidote is from sample 546; optically similar epidote co-

exists with the other minerals in sample 796. Line OA

shows the equal distribution'
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In the upper h'alf of Figure 9, the abscissa shows
the range in Al2O3 percentages in amphiboles, and
the ordinate shows the range in Al2O3 percentages in
epidotes. For easier observance, the actinolite-horn-
blende pairs and the zoisite-clinozoisite pa,irs in sam-
ple 796 were connected with broken lines. A gap
in the AlzOa content between the actinolite and blue-
green hornblende at the highest grade is wide in spite
of the overlap of the A12O3 percentage in this actino-
lite and in the gteen hornblende. In contrast, the
gap in the FeO content (lower part in Fig. 9) is
small; all the actinolites, however, have a lower FeO
content than the hornblende. Most samples from the
low grade zone contain actinolite * green horn-
blende, but in samples 463, 465, and 532 only the
medium-Al hornblende was present in the polished
thin section.

Only a small gap exists in the AlsOs and FeO
contents between the coexisting zoisite and clinozoi-
site, whereas epidote contains much less AlzOa and
more FeO than the coexisting clinozoisite. The gap
between the clinozoisite and epidote in the low grade
zone is distinct in samples 464 and 463, but
in sample 465 only an intermediate composition
occurs. This intermediate composition, however, in-
cludes inhomogeneous counts, which, if separated,
would give composition similar to the clinozoisite and
epidote in the other samples.

The Fe/Al ratio is large in the low-Al actinolites
and decreases rapidly with increasing Al content. In
actinolitic hornblende this ratio is 1.6, in green horn-
blende 1.1 to 1.3, and in the blue-green hornblende
at the highest grade it is 0.5. In the blue-green horn-
blende in metabasalt (sample 551), which is rich in
Fe, the Fe/Al is of the same magnitude as in the
green hornblende even if this sample comes from a
higher grade zone. This shows that FelAl ratio
generally decreases with increasing temperature but
is also influenced by the Fe/Al ratio of the host rock.

Comparison of the averageFe/ Al ratios in the co-
existing epidote and clinozoisite from the low-grade
zone (0.33 and 0.13 respectively; Sp. 463 and 464)
with those from the high-grade zone (0.28 and 0.2,
Sp. 551 and 546) suggests that the difference be-
tween the Fe/Al values o'f the coexisting epidote
minerals is smaller in the high-grade zone. Epidote
from the highest grade zone (sample 796) was not
analyzed because none was found in the polished
thin section. The indices of refraction measured in
the mineral powder, however, suggest that epidote
in this rock is very similar in composition to that in

sample 551. Using the Fe/Al ratio of this epidote
(0.27, Sp. 551), the distribution coefficient K1(Fe/
Al) for epidote/clinozoisite in the highest grade zone
is calculated as Kp : 2.9, thus somewhat larger than
the corresponding value in the low grade zone
(Ko = 2.6) and much larger than Kp = 1.6 in
sample 551. This reversal of trend is due to a low
content of iron in clinozoisite (Sp. 796) that has
rims of zoisite dusted by iron oxide. Probably a part
of the iron originally present in this clinozoisite was
exsolved upon the beginning of its transformation
to zoisite.

All chlorites are rich in aluminum, but the mag-
nesium/iron ratio ranges from 1.7 to 4.4, the chlo-
rite in sample 796 being richest in magnesium. Dis-
tribution coefficients are different for amphiboles
with different Al contents, as shown in Figure 10.
For the hornblendes of median Al content (464h,
463h, 465h), Kp(MglFe) chlorite/hornblende is
generally between 0.7 and '1.2, and there is no ob-
servable change with the temperature of metamor-
phism (comp. 546h). However, the chlorite in the
zone next to the pluton (in metagabbro Sp. 796) is
richer in magnesium and contains less iron than any
other chlorite. Kp(MglFe) (chlorite/hornblende) in
this rock is 1.9, more than twice that for the chlorite
and the average median-Al hornblende in the low
grade rocks.

Summary and Conclusions

In the outer contact aureoles of the Cretaceous
plutons, Northern Sierra Nevada, where the mineral
assemblages indicate PT conditions at the border of
the gteenschist and epidote amphibole facies, green
hornblende occurs with actinolite, chlorite, clino-
zoisite, epidote, and albite. In the zone next to the
plutons, where the occurrence of andalusite with
cordierite and prograde pseudomorphs of muscovite
after staurolite in interlayered pelitic rocks indicates
PT conditions at the higher limit of the epidote am-
phibolite facies (T - 650oC at P - 4 kbar), horn-
blende is blue green, and plagioclase is rich in the
anorthite molecule. Zoisite occurs with other epidote
minerals.

The electron-microprobe analyses show that the
alkali and aluminum contents of the hornblende in-
crease with increasing grade of metamorphism, but
their ratio remains constant. The generalized struc-
tural formula of the green hornblende is (Na,K)s.3
Ca2(Mg,Fe".) a.a (Al,FeS-,Ti ) 0.6AlSi?O2, ( OH ), and
that of the blue-green hornblende is (Na,K)o uCa,



AMPHIBOLE, EPIDOTE, CHLORITE, AND PLAGIOCLASE IN METAMORPHIC ROCKS

(Mg,Fe) s.e(Al,Fe3*) 1.2Alr.zSio.aOzz(OH)2. The ratio
of (Na + K)A/Ali" remains close to 0.3. The end
member in this actinolite-hornblende series is the
hornblende ( Na,K ) o.oCaz ( Mg,Fe ) 3.6 ( Al,Fes. ) 1. aAl2
Si6Op2(OH)2, which is derived from the actinolite by
two coupled substitutions---edenitic (NaAli' for !A
Sit") and tschermakitic (AlriAliY for Mg'rSit") at the
ratio of 3:7.

The Mg/(Mg * Fe) ratio in amphiboles depends
on the bulk composition and the degree of oxidation
of the host rocks. The Ti content of hornblende re-
flects the amount of available Ti in the host rocks.

The coexistence of two Ca amphiboles implies the
existence of a miscibility gap, if the amphiboles
crystallized in equilibrium. The composition of horn-
blende in the border zone of the plutonic rocks pre
vides the upper limit of the possible immiscibility.

Two epidote minerals-clinozoisite and epidote
with pistacite content from 10 to 26 percent---coexist
with actinolite, hornblende, chlorite, and plagioclase
in all zones. Zoisite with anorthitic plagioclase crys-
talliznd at the highest grade. Elsewhere plagioclase is
albite. The miscibility gap of epidote and clinozoisite
at temperatures below 600'C is suggested by com-
positions of the coexisting mineral pairs.

The Fe/Al ratio in epidote decreases slightly with
increase in the grade of metamorphism, whereas in
hornblende the decrease in this ratio is much greater;
Fe/Al in the high grade hornblende is one half of
that in the low grade hornblende. There is no regular
change in Kn(Fe/Mg) for chlorite/hornblende, al-

KO= 1.9

( '-l7z:'
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Frc. 10. Distribution coefficient for average of MglFe
in coexisting chlorite and actinolite (a) and chlorite and
hornblende (h). The numbers refer to the host rock samples.

though it is highest in the zone next to the plutons.
It seems reasonable to assume that pressure remained
approximately at the same level during the metamor-
phism and that the changes described are due to the
elevated temperatures near the plutons.
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