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INTRODUCTION

The study of metamorpnic rocks provides the scientist
with an opportunity to investigate complex multi-component
equilibria in natural syétems. The thermodynamic methods
of_examining element distributions and associated equilibria
are becoming well established and of great practical
application throughout the geologic sciences, and it is
anticipated that the present investigation will contribute

meanlingful data toward the establishment of these principles.

Mineralogic Occurrence of Trace Elements

Trace elements may occur iIn a host mineral in thiee

ways:

a) Occlusion. This mode is dominant where mineral growth
has been rapid, and ilons, foreilgn solid phases and
liquid phases may be included in the rapidly growing
crystal lattice.

b) Surface adsorption. This mode is Important where the
carrler mineral phase has a large surface area and
fd?eign lons are bonded by unsatisfied surface
charges.

c) Solid solution. This method involves the substitu-
tion of a trace element ion for a major element in
a latfice ppsitiqn of the carrler mineral.

Although the first two cases are certalnly important and

are considered by some (DeVore, 1955a) to be the principal
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modes of trace element occurrence in minerals, this research
will deal only with the solid solution approach. Occlusion
and surface adsorption are relatively random, involve un-
known variables, do not necessarily represent equilibrium
and cannot be treated thermodynamically. By contrast, the
solid solution approach is more definable.

The concentration of a trace element in the host mineral
i1s partially dependent upon the ionic radius, valency,
electronegativity, and coordination number of the trace
element in comparison to those properties exhibited by the
host and its lattice sites. In the case of the transition
elements the crystal field stabilization energy of the cation

and the size of the incorporating structural site are the

chief controlling factors.

Metamorphic Reactions

A concise discussion of the reactions which proceed
under a closed metamorphic environment is presénted by McKay
(1964). Briefly, these involve formation of new minerals,
phase changes, distribution and ordering of major and minor
elements, and textural and lattice rearrangements. Each type
of reaction may proceed independently and should lower the
free energy of the system. While equilibrium may be achieved
with respect to one type of reaction, i.e., textural, dis-
equilibrium may be the case when other variables, i.e., site
distributions of trace elements, are considered. This work

1s concerned chiefly with the distribution of elements among



U

newly formed minerals and within the lattice sites of a

given mineral.

Ideals of the Investieation

The writer Intends to present data which will facilitate
understanding of the following problems of metamérphism:

a) The distribution of elements among coexisting meta-

morphic phases of isofacial rocks.

b) The relationships of the elemental distributions to
pressure and temperature.

¢) Equilibrium - To what degree is equilibrium achileved,
what criterla can be presented for the recognition of
equllibrium, and in what volume of sample is equi-
librium attained?

d) The distributions of major and trace elements with
respect to lattice sites in different coexisting
phases.

e) The geochemistry of various elements under meta-
morphic conditions.

The miﬁerals examined during this study - muscovite,
biotite, hornblende, plagioclase, and epidote - were chosen
for their universal occurrencé in metamorphic rocks, espe-
cially in the Van Horn samples under consideration. Muscovite
and biotite are of siﬁilar structufe and chemistry, and, with
the exception of McKay's (1964) paper, are unstudied with
respect to partition coefficients. Thus, it was hypothesized

that significant elemental distributions might be observed.
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Hornblende and plaglioclase, although dissimilar in structure,
are common coexlsting phases In a wide variety of metamorphic
and igneous systems. Perhaps data arrived at from this
Investigation coupled with similar studies in the future will
illuminate distribution trends for differing pressure and
temperature conditions of formation. Research is actively
progressing concerning the stability relationships of epi-
dotes (Strens, 1966). The analyses of the seven epldotes

and thelr coexisting phases presented in this paper may con-
tribute to this area of research.

The pre-Cambrian Van Horn area of west Texas was chosen
for its proximity to the writer, for the excellent mapping
which has been done in the area (XKing and Flawn, 1953), and
in the expectation that some inherent problems of pre-Cambrian
metamorphism might be investigated. The pre-Cambrian base-
ment 1s presently being explored in detall to determine its
age and structural relationships with the overlying sediments
and the surrounding oceanic bodies.

Throughout the repcrt certain symbols are used to re-
present the mineral phases studied. These are: muscovite
{Ms), biotite (Bi), hornblende (Hb), plagioclase (Pc), epidote
(Ep), almandine garnet (G), and anthophyllite (At). The
letters "MM" with the number and mineral designation indicate
that the sample was collected at the Mica Mine. Others in-

clude: Wylie Mountains (WM), and Carrizo Mountains (CM).
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GEOLOGIC SETTING AND GEOLOGY OF THE VAN HORN AREA

The distribution of the pre-Cambrian rocks of the.Van
Horn area may be seen in Figure 1. Exact sampling locali-
ties are indicated in Figure 2, which represents the Mica
Mine area. Treatment of the partition distribution data in-
volves only samples from the Mica Mine with the exception of
one muscovite-blotite schist from the Wylie Mountains (WM 5).

Mineralogically and fexturally the investigated samples
may be divided into two groups: 1) medium-grain, medium-grade
amphibolites of the Mica Mine, and 2) the medium- to coarse-
gralined muscovite-biotite schists from the Mica Mine and
Wylie Mountains. A detailed petrographic description of
these 1s presented under the section on petrography.

Structurally, genetically, and historically the amphi-
bolites and schists from the Van Horn area may be considered
as two distinct groups. The first includes the meta-igneous
amphibolites of the Carrizo, Wylie, and Eagle Mountains which
have been subjected to regional metamorphism and later, in
the Carrizo Mountains, to a cataclastic and retrogressive
metamorphism. The second group includes the amphibolite
facies, meta-sedimentary rocks of the Mica Mine region which

are the subject of this investigation.

A

In the Carrizo Mountains the meta-dioritic amphibolites
occur ag highly tilted northeast striking conformable sills
and discordant plugs which have intruded the pre-Cambrian

quartzofeldspathics and meta-rhyolites of the Carrizo Mountain
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‘Group. Some relic igneous structures can still be observed.
The}bre-Cambrian mountaln block was thrust to the norih over
the Cambrian Allamore and Hazel formations, and the northern
extremity of the block is today marked by the Steeruwitz Over-
thrust which lies just north of the Texas and Pacific Rail-
road line. Associated with this thrusting was intrusion of
the dloritic sills and a retrogressive and cataclastic meta-
morphism which was superimposed on the regional metamorphism.
The degree of metamorphism observed today increases toward
the south until the highest grade in the area is found in
the Mica Mine region. Metamorphism at the thrust is prin-
cipally retrogressive and cataclastic, having advanced Just
to the biotite stage of progressive metamorphism.

In the Mica Mine area the only igneous activi%y appears
to have been intrusion of numerous pegmatites, many of which
have been mined for thelr mica contents (Flawn, 1951b), and
a small epidiorite sill. The amphibolites and schists are,
in contrast to those described above, of sedimentary origin.
Although no sedimentary structures exist owing to the meta-
morphlism, the fileld .relationships, mineralogy, and chemical
composition support this hypothesis. King and Flawn (1953)
point out that the chemical analyses of these rocks fall in
the sedimentary field of Vogt's ACF diagrams. The dimensions
of the sampled area at the Mica Mine are about one-half by
two miles. Therefore similar temperature and pressure con-

ditions of formation for 211 samples should be expected.
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The structure of the Mica Mine involves principally an
overturned antiéline plunging to the southwest with meta-
quartzite in the center, and muscovite-biotite schists and
amphibolites occurring stratigraphically higher and toward
the limbs of the fold (see Fig. 2). The wide mineralogic
variability iIn the para—amphipolites appears to be attribu-
table to variations in the chemical composition of the
original sediments, and not to local gradations in temperature
and pressure conditions over the relatively small area of
 the Mica Mine.

King and Flawn (1953) present an excellent discussion
of the possible parent materials for the amphibolites of the

Van Horn reglion and the gross mineral relationships at the

Mica Mine locality.

PREVIOUS WORK

—

No attempt will here be made to cover in detail previous
geochemical and petrologic investigations of metamorphic
equilibrium and elemental distributions. The basis for much
of the fleld work and geologic discussions in this paper
may be found 1n the publication by King and Flawn (1953) in
which the pre-Cambrian rocké of the Van Horn area are examined
in detail and thelr relationship to the regional geology 1is
Investigated. Continuous references have been, and will be

made to this excellent publication.

There has long been interest in the formulations which
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describe the distribution of elements among different
physical-chemical phases. In 1891 Nernst derived the well
known Nernst distribution law and for years investigations

in this field centered only around studies of partitioning
of elements between solvent phases and liquid and gas phases.
It was not until 1937 that Goldschmidt set forth the princi-
ples of distributions of chemical elements in minerals and
rocks. In 1955 DeVore publlshed two papers on the distribu-
tion of elements durilng crystal growth and fractionation as
governed by adsorptilon, but it was not until 1959 that Kretz
derived a thermodynamic approach to explain the distributions
of elements between minerals. In this paper and later ones
(Kretz, 1960, 1961, 1964) Kretz expands the thermodynamic
theory and examines the distributions of elements among the
minerals garnet, biotite, hornblende, plagioclase, ortho-
pyroxene, and clinopyroxene.

Numerous other authors have studied the distributions of
elements bet cen metamorphic minerals. Mueller (1961) re-
ported on the distributions of Mg, Mn, and Fe among actinolite,
cummingtonite, Ca-pyrdxene, and 6rthopyrbxene, and in 1962
Frost published on the Fe-Mg distribution between garnet-
blotite and garnet-hornblende pairs. Turekian and Phinney
(1962) studied the partitioning of Ni, Co, Cr, Cu, Ba, and
Sr between bilotite-garnet pairs from St. Paul's Island, Nova
Scotia, following this up in 1963 with a report on phase
equilibria between the same biotite-garnet pairs as determined

by their major element chemistry. Ernst (1964) examined the
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distribution of Mg, Mn, Fe, and Al among blueschist facies
white micas, amphiboles, sodic pyroxenes, chlorifes, garnets,
and epidotes. To the writer's knowledge the only previous
thermodynamic study of partitioning of elements between
coexlsting micas 1s that by McKay (1964). Albee (1965a,
1965b) 1nvest1gated the distributions of Fe, Mg, and Mn in

a sulte of garnet-blotite pairs with data collected from the
literature, and among various phases from kyanite-zone pelitic
schists from central Vermont. McIntire {1963) presents a
literature review of distribution data published ub to that
time.

Extensive work has been carried out on the distribution
of elements during fractional crystallization of magmas.
Nockolds and Mitchell {19#8), Wager and Mitchell (1951),
Neumann, Mead, and Vitaliano (1954), Ringwood (1955), Solodov
(1960), Carter (1965), and Nockolds (1966) are a few of these
to which the reader is referred.

The use of trace element distributions in other geologic
fields has been realized. Bethke and Barton (1959) have em-
ployed distribution principles in determining the pressure
and temperature of ore formation. Fredricksen (1962) and
McIntire (1963) review a number of the possibilities.

Engel and Engel (1960, 1962) have examined the migration
of elements in amphibolites under metamorphic conditions.
Evans and Leake (1960), Edwards (1957), and Francis (1958)
discuss the compositions, origins, and metamorphisms of amphi-

bolites from Ireland, Australia, and Sutherland, respectively.
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SAMPLE PREPARATION AND CHEMICAI ANALYSIS

Mineral sepérates were prepared by crushing the rock
and purifying the mineral phases by means of a Frantz
Isodynamic Separator and heavy liquids. All samples were
minus-97 mesh and plus-200 mesh in size and were in excess
of 99.5% pure.

All analyses except those for Fe”2 were carried out on
a solution prepared by a standard HF—HNO3 opening with
appropriate dilutions. The atomic absorption flame photo-
meter was employed for all analyses with the exception of
T1 and Fe*2 which were examined by-the methods described
by Shapiro and Brannock (1962) and Shapiro (1960),

respectively. A full description of these procedures is

glven in the Appendix.

PETROGRAPHY OF THE VAN HORN SAMPLES

Samples from the Mica Mine area (MM) and the one sample
from the Wylie Mountains (WM 5) may be divided iﬁto two
equilibrium groups on the basis of their mineralogy: 1) the
mica schists, and 2) the hornblende-bearing amphibolites.

A complete 1list of the mineral assemblages is presented in

Table 1.

The Mlca Schists

All mica schists from which mineral separates were pre-

pared in thils investigatlion contained both muscovite and
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biotite in separabie quantities. Three mineral assemblages
are recognlzed in fhe'schists:

1) plagloclase-quartz-muscovite-biotite

2) plagloclase-quartz-microcline-muscovite-biotite

3) plagioclase-quartz-microcline-ilmenite-muscovite~
biotite '

Zircon is commonly present in the above assemblages.

The range of'mineral percentages in the 11 samples from
which muscovite-biotite pairs were prepared 1s considerable.
The sample, MM 44, represents a féldspathic muscovite schist
containing 30% muscovite and only 1-2 4 biotite with an
average grain size of 0.5 mm. In contrast, MM 11, MM 13,
and MM 54 represent samples containing up to 50% blotite and
only 2% muscovite. Specimens were observed which contained
muscovite (up to 40%) and no biotite, or biotite (up to 80%)
and no muscovite. Average grain size tends to Increase with
the bilotite content. The biotite in all samples is red brown
to olive green in color and appears in quite fresh laths
ranging up to 2 mm. in length as seen in a thin section.

" Muscovite is always of smaller grain size. Plagioclase,
microcline, and quartz occur as a mosaic with the microcline
exhibiting the characteristic grid twinning. Plagioclase
shows slight sericitization, rare twinning and'Eoﬁing. MM 6
'1s obviously of a different origin than the other 10 mica
samples. It is in conformable contact with a small pegmatitic

veln and probably formed as a result of intrusion of the

pegmatitic magma.
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The intimate field association of the biotite-rich
schists with amphibolites suggests that the biotite schist
might represent a transition from the feldspathic muscovite-

bearing rocks to the hornblende-plagiocclase amphibolites

(King and Flawn, 1953).

The Hornblende-bearing Amphibolites

A wide variety of mineral assemblages may be recognized
for this group and all contaln hornblende except one antho-
phyllite-bearing sample (MM 51).

1) plagicclase-hornblende-ilmenite

2) plagioclase-hornblende-biotite-ilmenite (or magnetite)

3) plagioclase-quartz-hornblende-biotite-ilmenite
(or magnetite)

4) plagioclase-microcline-quartz-hornblende-biotite-
ilmenite

5) plagioclase-hornblende-epidote
6) plagioclase-hornblende-epidote-biotite-ilmenite

7) plagloclase-quartz-hornblende-epidote-magnetite
(possibly a trace of biotite)

8) plagloclase-microcline-hornblende-epidote-biotite-
ilmenite ,

9) plagioclase-hornblende-almandine-ilmenite
10) plagioclase-quartz-biotite-anthophyllite (no hornblende)

11) plagloclase-hornblende-ilmenite-anthophyllite-
(quartz?)

Sphene 1s generally present in all assemblages.

These 11 mineral assemblages may be subdivided and con-

sldered as four distinct groups:
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1) the hornblende-plagioclase samples
2) the hornblende-plagioclase-epidote samples
3) the hornblende-plagioclase-almandine samples

4) the plagloclase-anthophyllite group, with hornblende
or blotite

The petrography of each of these groups will be discussed

separately.

Hornblende-plagioclase group: These are black, slabby,

shiny rocks which may have a lineation and always have a
foliation to some degree as defined by the hornblende prisms
which range up to six mm. in length and comprise as much as
T5% of the rock. In thin section the hornblende appears as
fresh blue-green prisms exhibiting strong pleochroism, and
the plagioclase occurs as unzoned, untwinned, fairly equant
grains, often slightly sericitized. Average grain size is

about 0.5 mm. Quartz, biotite, and microc¢line may be present

in small amounts.

Hornblende-plagioclase-epidote group: These samples

appear as a mottled mixture of light green epidote grains in
a mass of black hornblende prisms. A foliation is generally
present as exhibited by hornblende-rich and epidote-rich
bands ranging up to % inch thick. Epldote commonly occurs
in local patches where it méy constitute 90% of the rock,
but normally it is in a lesser amount than hornblende.
Hornblen”= may compose as much as 35% of the rock and occurs

as small blue-green prilsms in the thin section. Epidote is
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observed as very small equant grains, and plagioclase occurs
as untwinned, unzoned grains in abundance of about 25%.

Sphene 1s invariably present, and quartz, microcline, and

biotite may be present.

Hornblende-plagioclase-almandine group: In the hand

specimen the samples consist of dark red garnet euhedra
varying in slize up to 1.5 cm. in diameter and composing 20%
of the rock in a groundmass of black hornblende prisms which
average 0.5 mm. in length and small plagioclase grains.

The thin section reveals that the hornblende is highly
concentrated around the almandine crystals which contain
ilmenite grains paralleling the lineation of the rock fabric.
The rock consists of about 40% hornblende, 35% slightly

altered plagioclase, and 5% ilmenite.

Plagioclase-anthophyllite group with hornblende or

biotite: The biotite-rich sample (MM 45) is gray in color
with 10% biotite 20% anthophyllite porphyroblasts lying in
the plane of follation. The porphyroblasts average 0.5 cm.
in dlameter. Slightly sericitized, untwinned plagioclase
comprises the remaining 70% of the rock with the exception
of 1-2% quartz.

Anthophyllite-rich specimens containing hornblende are
quite different. Golden anthophyllite blades ranging in length
to 4 em. lie in a dark groundmass of 1 mm. -long hornblende
prisms and plagioclase grains. No lineation or foliation is

observed in the hand specimen or thin section. The pleochroic
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hornblende is blue-green in transmitted light and the plagilo-
clase is slightliy altered and untwinned. Mineral percentages

are: hornblende - 30%, plagioclase - 15%, anthophyllite - 50%,

and ilmenite - 5%.

MINERAL STRUCTURES AND CHEMISTRY

The Micas
Biotite: (K,Ca,Na)(Fe,Mg,Mn,T1,A1)3(A1,S1)y014(0H,F,C1)5
Muscovite: (K,Ca,Na)(Fe,Mg,Mn,Ti,Al)2(A1,Si)4010(0H,F,Cl)2

The basic structure of the micas consists of a layer of
octahedrally coordinated cations (Fe,Mg,Mn,Al) between two
identical layers of (Si,A1)04 tetrahedra. This unit of three
layers 1s bonded to an identical unit by a layer of large
cations (X,Ca,Na) in 12-fold coordination with the bonding
oxygens of the (Si,Al)O4 tetrahedral layer.

The octahedral layer in the case of biotite, a triocta-
hedral mica, consists of an octahedral configuration of two
OH groups and four oxygens in six-fold coordination around
a central Mg ion. The Mg ions form a pattern of inter-
locking hexagonal rings with a Mg ion at the center of each
ring. Anions are shared between rings so there are three Mg
lons for each octahedron of anions (OH+0). Since all cation
positions are filled, micas containing this sheet are termed
trioctahedral micas.

In the case of muscovite, a dioctahedral mica, tﬁe

octahedral layer is formed by a series of four oxygens and
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two OH groups in cetahedral coordination around a central
Al ion. Owing to the charge difference (Mg in the triccta-
hedral layer has a +2 charge) there is a ratio of only two
Al lons to each octahedron of anions. There remains one
position unfilled. Hence, the dloctahedral term is derived.
The ftetrahedral (Si,A1)04 layers on both sldes of the
octahedral layer are bonded to the oxygen of the octahedrally
coordinated Mg and Al. Substltution of one Al for every
fourth Si iIn the tetrahedral layer leaves a charge deficiency
so that large cations occur in 12-fold coordination between
the tetrahedral-octahedral-tetrahedral units and bind these
units_together. These large cations are principally K. If
one-half of the Si ions are replaced by Al ions, then Ca can
enter the structure.
Principal substitutions and solid solutions can be

noted in the above formulas for biotite and muscovite.

Hornblende

(Ca,Na,K)g(Mg,Fe,Mn,Al,T1)5(A1,Si)8022(OH)2

The structure of hornblende consists of a series of
314011 double chains of infinite extent which are bound to-
gether by lonic bonds of two different varieties, the bond
depending on the type of cation site filled. Cation type X
refers to those cations which are large, weakly charged,
and in eight-fold coordination with oxygen. These are
chiefly Na, K, and Ca. The second type of cation, type Y,

is smaller, more highly charged, and in six-fold coordination
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with oxygen. These consist of Mg, Fe*2, Fe*3, Al, Mn, Ti,
and occaslonally Li. Hydroxyl groups are found in voids
between single chains of the pyroxene type. A generalized
formula might be written for hornbléndes: XO_7Y7_14216044(0H\4.
There 1s complete ilonic substitution between Na and Ca,
‘and Mg,Fe and Mn, but limited substitution between Fe'3 and
_Al, and Ti and other Y type ions. Partial sﬁbstitution of
Al for S1 is observed.
The structure of anthophyllite is similar. The unit
cell is doubled owing to the occupation of both X and Y sites
by small cations (Mg, Fe*2) (Deer, Howie, Zussman, 1964b).

Plagioclase

Nal_XCaXAl(Si3_xA1x)08

The crystal structure of plagioclase is quite simple
and well studied. Al and Si are in similar tetrahedrél co-
ordination with oxygen. The two kinds of tetrahedra are
ionically linked by sharing oxygens to form a three dimensional
network. As Al substitutes for Si, the charge 1is balanced
by substitution of one monovalent cation per AlQy tetra-
hedra, or one divalent cation per two tetrahedra. These
cations occupy voids in the tetrahedral framework, and, as
seen from the formula above, the total of them must equal
one (Na and Ca in most cases).

The chemistry of the plagioclases is simple since there
exists only one cation site into which elements.may enter..

K and Ba are the two most common substitutions in the feldspar
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solid solution series, but Fe*z, Mg, Mn, and Sr are often

found in significant amounts. Fet3 and Ti may substitute

for A1l to a very minor extent.

Epidote

(Na,Ca),(A1,Fe*3),A10(810y) (S1,07) (OH)

The structure of epldote 1is rather complex. It may be
described as a series of chalns of AlOg and A104(OH)2 octa-
hedra extending in the direction of the y-axis with O and
OH groups sharing the edges of the octahedra. - Tetrahedra
of Si0y and double tetrahedra of SizOp bridge the chains and
are bonded to the oxygens of the Al octazhedra. Al, Fe, and
Ca occurAin octahedral coordination outside the chains. Fe'3
probably replaces Al outside the chains rather than the octa-
hedrally coordinated chain Ai.

Na, Sr. Mn*2, and occasionally Pb are readily sub-
stituted fer Ca in its 1rregular octahedral coordination,
and Mn+*3 and Cr ions are found in the Al-Fe octahedral site.
Those ions replacing Ca are generally large and weakly

charged while those replacing Al and Fe are smaller and of

~ a higher charge.

Garnet ’
(Mg,Fe*2,Mn*2,Ca) (A1, Fe™3,Mn*3,0r) 5(510y) 3
The garnet structure 1s relatively simple and consists

of S10y tetrahedral bonded to octahedra formed around the tri-

valent 1lons. The dlvalent lons lie in volds in the lattice
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framework and are in 8-fold coordination with the surrounding
oxygens. There 18 complete substitution and interchange of
the divalent lons with the exception of Ca which substitutes

with more difficulty. Limited solution 1s observed in the

trivalent sites.

SOME THEORETICAL CONSIDERATIONS OF METAMORPHIC ELEMENTAL
DISTRIBUTIONS

Metamorphic reactions tend toward equilibrium by de-
creasing the free energy of the gystem and the establishment
of stable equilibrium mineral assemblages. Metamorphic rocks
at the surface of the earth today are, hbwever, in a meta-
stable state with respect to the original physical conditions
of formation. With increasing temperature the free energy
wlll decrease at a rate proportional to the entropy, and will
increase with Increasing pressure at a rate proportional to
the volume. Therefore, at metamorphic temperatures and
pressures, the smallest volume and greatest entropy phases
are favored, and, since entropy increases with temperature,
metamorphic reactions are endothermic. Owing to the great
entropy of the gaseous phase,‘water vapor, dehydration is
favored by a rise in temperature.

It is obvious that temperature and pressure tend toward
counteracting each other with increasing temperature and
pressure with respect to the free energy consideration.
Although entropy changes are generally small for the ma jority

of metamorphic reactions, volume changes are negligible in
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most cases, and temperature is the principal controlling
variable in metamorphism. It follows also that free energy
changes are 'small for metamorphic reactions. With increasing
temperature a fewer number of phases are favored, these
phases being those which have a high potential for substi-
tution and solid solution, but ionic ordering and partitioning
are more pronounced at high pressure and low temperature
than at low pressure and high temperature owing to the re-
duction of the entropy and the increased selectivity of the
high pressure crystal lattice because of low ionic thermal
activity and decrease in site size at low temperatures and
high pressures.

The rate of a metamorphic reaction is controlled by the

Slowest step which may be diffusion, nucleation, or catalysis

by water.

Explanation of the Distribution Coefficient, Kp

The derivation and explanation of the distribution coef-
ficlent has been adequately covered by a number of writers
including Kretz (1959, 1960, 1961, 1964), Mueller (1961),
McIntire (1963), Albee (1965), Ernst (1964), and Trumbore,
Isenberg, and Porbansky (1958). Most of the following material
is extracted from these works.

It is a well established observation that u, the chemical
potential, of any component is the same in all phases in
which it exists in a system at equilibrium. The chemical

potential of a component 1s iIndependent of the presence of
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other phases and of the amount of these phases and in the
case’of ma Jor components is only very slightly changed by
a variation of small amounts of other components in the
system. The chemical potential of a component is equivalent to
the partial Gibbs free energy which is the potential for
attainment of gquilibrium_pf a component/éetween phases,
even though the component may be of low concentration. Each
rock may be considered as a series of subsystems consisting
of two or more mineral phases each, and each phase may in
furn bevconsidered as a member of two or more subsystems and
participate in an equilibrium in each subsystem. Thus,'
there may be numerous equilibria within a given system.

Let us consider ah ion exchange reaction for the systems
(A,B)Z and (A,B)Y, designated "1" and "2", respectively:

Al + B2 = A2 + Bl (1)
where A and B are components, and 1 and 2 refer to the phases,
respectively. The relationship of the Gibbs free energy
change for the ilon exchange reaction, AG, the standard state

Gibbs free energy, AGO, and the activities, a, of the com-

ponents may be shown in van't Hoff's equation:
1 2
2B 2
AG = AG° + RT 1n , (2)
1 2

ay ag

where a% refers to the activity of component A in phase 1,

R 1s the gas constant, and T is the absolute temperature. At

equilibrium, AG equals zero and the activity term is a

constant, K. Therefore,
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o
B o

AG = -RT In K + RT 1n — (3)
ap a

e
W

and a& 1s equal to X& Y& where X% is the composition ratio

A/A+B in phase 1, v& is the activity coefficient of A in

phase 1, and X% =1 -'Xi. Therefor2, equation 3 now becomes

1 2 1 2
; 1-Xz) X Y3 ¥
ae _ (1-Xg) Xg  vg vy

i (1X5) v v
At a specified temperature and pressure the left-hand side
of equation 4 is a constant, K. Therefore, making the
assumption of ideal solutions‘(Heﬁry's Law), the activity
coefficient term is equal to unity, and equation 4 may be

rewritten:
(1-x}) x% |
K = F) (5)

D ~ 2
Xz (1-%5)

where Kp is termed the distribution coefficient of the com- -
ponent inlphases 1 and 2. This equation holds true when
component A 1s present in small amounts in the phases. At
dilute concentrations,

(1-X3) x§ ~ x§ ()

1 2 1
Xy (1-x3) X

which 1s the familiar Nernst distribution equation and may
be used for trace elements with the assumption of adherence
to Henry's Law. If, however, vy does not equal unity, it can

still be constant 1if:
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1) the +vy's are constant through the range of com-

positions under consideration, or,

2) the v's are not constant but deviate such that the

v2 Yi
B
ratios of and __—" are constant.
1 2
YB YA 5 5
Xp/1-Xg
Therefore, for major elements, Kp = T and will
Xp/1-Xp
be constant with the above specifications. For trace elements,
X3 |
KD = I with the same specifications. Ideality 1s normal-
X3

ly the case for trace elements, and, in this respect, the
free energy of the reaction must not be influenced by the
presence and variation in concentration of components other
than A and B in the phases under consideration.

In order to treat the data arrived at from the analysis
of a mineral phase one must consider the number of atoms of
an element per total number of coordination positions open
to that element. The elemental components are considered to
be end members of a solid solution éeries. For example,
consider the mineral phase hornblende, (Ca,Na,K)o-
(Mg,Fe,Mn,Al,T1)5(A1,Si)8022(0H)2, and the partitioning of
Mg between 1t and a coexisting phase. Xﬁg = atoms Mg/atoms
Mg+Fe+Mn+T1+A1l only 1if complete solid solution exists among
all five of these components and only if all octahedrally
coordinated positions are open to Mg. If the distribution
of Mg wheﬁ defined in this manner 1s not regular, one might

cbnclude that all positions are nct available for Mg.
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Perhaps only the divalent ion positioné can be occupied by
Mg and the distribution will involve Xﬁg = atoms Mg/atoms
Mg+Fe*2+Mn. If this distribution is regular, then this is
fhe cholce which should be examined. The ideal solution thus
depends upon the variability of charge and the size of the
coordinating ions which compete for the octahedral positions
and all positions are not obén to all ions. Often iIn the
case of a trace element the exact coordination position is
not known and an examination of weight percent of the tracé
element between phases is sufficient to indlcate a distribu-
tion.

Let us consider briefly this more complex situation
where two phases, 1 and 2, coexist, with formulas (A,B,C)Z
and (A,B,C)Y, respectively. Equation 6 remains valid if
phases 1 and 2 are ideal solutlons with respect to A, B,
and C. In this case Xj = A/A+B+C. The distribution of A
between 1 and 2 may in fact be a function of the B:C ratio
in either phase 1f 1deal mixing is the case. If, however,
the phases are not ideal mixtures, the distribution of A be-
tween the two may be z function of the distribution of C be-
tween the phases. The principle of the influence of the
concentration of* one component on the distribution of another
has been realized by Kretz (1959, 1960) and Ernst (1964).

If one 1is not able to arrive at a significanf distribu- .

tion, one or more of the following explanations should be

considered:
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1) Inclusions and foreign phases have been included
in the analyzed minerals.

2) Elements not examined exert a profound influence on
The distribution of the element under consideration.

3) Variables which have not been considered or complex-
ity of variables cause deviations from a regular
distribution.

4) Temperature and pressure conditions have varied from
sample to sample and the distribution coefficilent
is of course not the same value for all samples.

5) Chemical equilibrium was not reached in the system,
or, if it was reached, it was not retained. The
question arises concerning the size sample which is
considered to represent an equilibrium assemblage
and complete chemical communicatioﬁ. In general,
this is thought to be a hand-size specimen, but
recently Phinney (1963) has shown that the Fe/Mg
ratio 1n metamorphic biotite grains coexisting with-
In millimeters of each other, as well as those ratios
within a single grain, are significantly variable.

This indicates lack of chemical mobility.

Influence 2£ Pressure and Temperature on Kp

From equation 3, Kp = K = exp - AGO/RT, where AG° is
the Glbb's free energy change at a gilven tempqrature and
pressure with all phases In their standard states. There-

fore, K and Kp for a distribution are a function of tempera-
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ture and pressure, and

3ln K AHO ?1ln K Vo
—sT R 2 Sp AT -

In general, AHC approaches zero as the temperature increases,
and, as pointed out eariier, less fractionation is observed
with higher temperature. Owing to the fact that AVC is
extremely small In most metamorphic reactions, the pressure

effect on Kp can be esséntially neglected.

RESULTS

Complete chemical analyses of the mineral phases are
found in Table 7. For the major elements both the percent of
the metallic oxide and percent of the elemental metal are in-
cluded for ease in calculating the mole fractions. Although
water was not determined in this investigation an ideal
percentage of water has been included for the hydrous phases
iIn order that Si0, might be determined by subtracting the
total weight percent of the major element oxides from 100
percent. The water percentages chosen are: biotite - 4.0%,
muscovite - 4.5%, hornblende - 2.0%, epidote - 2.0%, and
anthophyllite - 2.0%. It is noted that these percentages
are often lower than the theoretical water contént of the
phases, but if actual mineral analyses are examined from the
literature (Deer, Howie, and Zussman, 1963), one notices that
actual water content 1is generally considerably lower than the

theoretical content expected from the structural formula.
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Aluminum distributlion between the octahedral and tetra-
hedral layers for the micas has been calculated according
to the method suggested by Stevens (1946) and the results

are presented in Tables 8.

Throughout the discussion of the results, KD'S are de-
rived so that a Kp value in excess of unity indicates a
concentration of the element under consideration in the more
acidic (higher S10,) phase. Likewise, a Kp value less than
unity indicates enrichment in the more basic mineral of the
pair. The distribution lines for the mica pairs are drawn

employing the least squares calculation.

EXPLANATION AND SIGNIFICANCE OF RESULTS

Element Distribution between Muscovite and Biotite

_Distribution in the Oco sites: Radoslovich (1963a,b)

proposes the existence of two distinct subsites within the
octahedral layers of the micas. He finds ordering in the
octahedral blotite sites with one site containing the sma11er
highly charged ions (A1+3, Fe*3, Ti*4, and cr*3) and the
remaining two sites containing the larger divalent octa-
hedrally coordinated ions.

In the case of muscovite, Radoslovich proposes that the
trivalent and tetravalent cations occur in the smaller Al
sites and the larger divalent cations are found in a larger
vacant octahedral site. Sites containing the smaller highly

charged cations will be referred to as Oco sites and those
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containing the divalent ions will be Oc; sites.

Figures 3,4, and 5 represent the distribution of Ti
between muscovite and bilotite employing three different mole
fractions. Figure 3 is constructed assuming Ti to be located
in the Ocl site, and no relationship is apparent. This mole
fraction Ti/Ti+Mg?Mn+Fe*2 has been used by Kretz and others
in their emaminations of biotite-hornblende partitioning,
but apparently is not applicable in this study. Figure &4
represents the mole fractionm, Ti/Ti+Fe*3+Aloc, and, as above,
no relationship is obsérved indicating that all Oco, sites
are not open to titanium. If the mole fraction Ti/Ti+Fe*3
is chosen (Fig. 5) scatter is reduced and a Kp of 0.56 can
pe defined (Kp= X%?/X%%) for the linear portion of the curve
below X%%=O.45. Above this point the curve should tend toward
higher X¥§ values as nonideality is encountered with high mole
fraction values and the curved portion has been dashed in to
indicate its probable existence. The analyticai accuracy for
Ti is poor and accounts for a considerable amount of the
scatter. As indicated by McKay (1964) highly charged cations
are distributed preferentially into the Oc, sites of biotite
owing to the configuration of six Ocl sites around each Oco
site in the biotite lattice as contrasted with muscovite
which has three Oc; and three Oco positions around each Oco
site. The concentration of Ti*# in biotite is observed and
indicated by the Kp of 0.56.

The distribution of F‘e’3 between muscovite and biotite

i1s seen in Figure 6 where the mole fraction 15 Fe+3/Fe*3;T1+A100_
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The K, defined by the relationship xgzg/xgg@, is 0.32
indicating a tendency for ferric ion to be concentrated in
the Oc, site of biotite relative to muscovite. This distribu-
tion of Fe'3 and that of Fe™, which will be discussed short-
ly, support Ramberg's (1952) model in which he states that
the substitution of Al for Si in the biotite tetrahedral
layers imparts a tendency for more electronegative cations to
be attracted into the Oco, sites. Ferric ilon should partition
Similarly to Ti in light of the explanation advanced above
concerning the configuration of Ocy and Ocy, sites. The sum
total of these two effects thus gives a Kp of 0.32 indicating
the preferential concentration in the biotite.

No significant distribution could be found for Alse
using the mole fraction Aloc/kloc+Ti?Fe*3. There 1is very
little variability in the octahedral Al of the muscovite and
analytical techniques are not of the highest quality so any
distribution that might exist was not observed. One should
expect a predominance of Al,. in muscovite (McKay, 1964).

Chromium 1s the last cation to be considered in the Oco
position. PFigure 7 ihaicates a definite relationship with a
Kp = xlgi/xgl{ = 0.28 employing the mole fraction,
Cr/br+Fe’3+Ti+Aloc. In accordance with the Oc;-Ocp con-
filguration theory advanéed above one would expect Cr to be
found in the Oco site of blotite. A straight line defines
The relationship and 1deality should be the case owing to

the small mole fractions involved (xlo'u).
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~ Distribution in the Oc; sites: The distribution of

elements between the Oc; sites of muscovite and biotite may
be more thoroughly explained by use of the crystal field
stabilization energy theory. Cotton and Wilkinson (1962)
and Curtis (1964) present an adequate discussion of this.
In general, the element with the greatest crystal field
stabilization energy will concentrate in the smaller site.
The Ocqy site of muscovite is smaller than the Ocq site in
biotite (Radoslovich, 1963a). Table 2 is a presentation of
octahedral stabilization energies of elements considered in

this report, the values taken from McClure (1957).

Table 2

Crystal Field Stabilization Energies
(MeClure, 1957)

Cation Octahedral Stabilization
(kcal/mole)
cr*3 60.0
Nite 29.3
cu+2 22,2
Co*2 17.1
Fe*2 11.4
Fe+3 0.0
Mn*e 0.0
ZnT2 0.0

It might be pointed out that the distribution of
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Cr(KD = 0.28) is not in accord with this stabilization energy
theory and the Ocl-ch'configuration effect appears to be
predominant. Curtis (1964) feels that the stabilization:
energy effect 1ls the principal factor controlling the dis-
tributions of the transition elements and the data presented
in this investigation tend to support this conclusion in
general.

The three principal cations found in the Ocl sites in
the micas are Fe+2, Mg, and Mn, and most substitutions in-
volve divalent ions of similar size (0.60-0.80 A). One
exception 1s Li which is of similar size but is univalent.

Figure 8 represents the partitioning of Fe'@ between
biotite and muscovite. The mole fraction, Fe+2/Fe*2+Mg+Mn,
yilelds a Kp of 0.59 for the linear portion Qf the curve below

Fg+2 = 0.35. Above this point mole fractions become too
great for strict adherence to Henry's Law and Nernst's
Distribution Law. One notes that two points (& and 56) 1ie
rather far from the proposed line. Sample 6 fepresents a
pegmatitic muscovite-biotite pair which no doubt formed under
different conditions than the remainder of the samples. No
reason 1s apparent for the deviation of sample 56 from the

line. As mentioned under the discussion for Fet3, Ramberg's

model is supported by the low Ky for Fe*2,

The distribution of Mg between the Ocq sites of the
micas 1is shown in Figure 9. Kb i1s defined by the equation
Xﬂg(l-xﬁé)/(l- ﬁg)xﬁé = 2.25, when the mole fraction,

g/Mg+Fe+24Mn,:1s consldered. The distributiorn of Mz (and Fe*g)
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in sample 56 may be controlled by variation in the concentra-
tion of another element or variation in the ratio of other
elements not consildered in this investigation. It would be
difficult to assign the deviations of sample 56 from the KD
lines to temperature and pressure differences as it was
collected in close proximity (300 feet) to other muscovite-
biotite samples. The large KD value of 2.25 indicates pre-
ferential concentration of Mg in muscovite which may be ex-
plained by a consideration of the size of the Mg“‘2 ion.

The cation is small (0.658) and would tend to be incorporated
in the Oc1 site of the muscovite which is smaller than the
Ocy biotite site.

Manganese 1s quite well distributed between the mica pairs
as can be seen in Figure 10 where theva 1s defined by the
equation Xﬁi/Xﬁ% = 0.62. The mole fraction, Mn/Mn+Mg +Fe*2,
was chosen in acéordance with Radoslovich's model of subsites
within the octahedral layer of the micas. The radius of Mn*2
1s fairly large (C.80A) and thus it would be expected to
enter the Ocq sité in biotite rather than muscovite. Di-
valent manganese has no crystal field stabilization energy and
therefore should be found in the larger Ocl site of biotite.
The combined effect of these yields the KD of 0.62. It is
interesting to note that both samples 6 and 56 lie on the
proposed Kb line. _ i

Zinc should be incorporated into the Ocl sites of the
micas owing to its charge and size, and the excellent dis-

tribution shown in Figure 11 indicates that this is the cage.

VTEPRT ORI
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The mole fraction considered 1s Zn/Zn+Mn+Mg+Fe+2; and the

K. is 0.76 indicating the preference of zinc for the Oc1

D .
site in biotite. Since zinc has no crystal field stabiliza-

tion energy, the controlling factor for its distribution
should be its size (0.742). This size prohibits zinc from
readily entefing the Oc1 site in muscovite where smaller ions,
such as Mg+2 and Li*l, are easlly incorporated.

Although considerable scatter is observed in Figure 12,
representing the,distribution of Co between the mica pairs,
a line may be constructed which represents the equation
XCO/XBi = The large value of the Kp is explained by
use of the crystal field theory whichlindicates that crystal
field stabilization energy is the dominant factor controlling
the distributions of the transition elements. Considering
only the radius of Co, one would expect it to enter the biotite
site preferentially to the muscovite, an expectation which
1s obviously not the case. When one considers the high
stabilization energy of Co in octahedral coordination (17.1
kcal/mole) and the fact that the Ocl site of muscovite is
smaller than that of blotite, it is apparent why the Kp 1s
of s.ch magnitude. The large amount of scatter is most likely
due to poor analytical data, and sample 6 (pegmatitic) was
not considered iIn construction of the Kp line.

The distribution of Ni is similar to that of Co and is
shown in Figure 13. A Kp of 6.9 is defined by the line re-

presenting the relationship, XN /xNi’ with X equal to
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Ni/Ni+Mg+Mn+Fe*2. The explanation of the large Ky is similar
to that for Co, and although scatter is quite serious, the
general relationship is apparent. It is noted that 6he point,
sample WM 5, lies far from the Kp line. This is most

readily explained by the fact that its gecgraphical location
in the Wylie Mountains is about elght miles from the Mica Mine
area where the other ten samples were collected and the
physical conditions of metamorphism may have varied con-
siderably over this distance. If equilibrium was attained
with respect to Ni in sample WM 5 then it is of a different
magnitude than the Mica Mine samples, reflecting the different
physical conditions.

Figure 14 represents the distribution of Cu between the
Oc; sites of the micas with X = Cu/Cu+Mg+Mn+Fe*2. Deviation
from the proposed Kp line is considerable in the case of the
samples 6, 16, 54, and 56, but a relationship on the ofder of
Kp = 11 is apparent. The interpretation of this is similar
to that for Co and Ni. No correlation between the deviating
samples and varying concentrations of elements other than Cu
could be found.

Lithium is distinctive in 1ts Ocy distribution in the J
micas in that it is univalent and has a smaller radius than
any of the other common elements occurring in this site.
Although the data are extremely scattered, a Kp on the order
of 2.1 is observed when the mole fraction, Li/Li+Mg+Mn+Fe*2,
1s chosen (Fig. 15). Other mole fractions give graphs with

considerably more scatter. In spite of the poor quality of

e i
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the relationship it does appear that Li is concentrated in
the Ocl positlion of muscovite. This is obvious when one
conslders the size of the Li ion (0.602) and 1its univalent
nature. The small cation should tend to enter the smaller
Oc; site of muscovite, which, in contrast to the Oc, site of
biotite, is surrounded by six trivalent 002 sites. An ion
of small charge would be favored in this case. The dis-
fribution of Li between the micas may represent a disequi-
librium situation.

The data concerning element distribution in the octa-
hedral sites appear to substantiate the structural models of
Radoslovich and the crystal field stabilization energy ob-
servations of Curtis (1964). With the exception of Cr and
Fe‘e, elements with high octahedral stabilization energies
(Co, Cu, and Ni) are highly concentrated in the muscovite,
while those with low energies (Fe+3, Mn, and Zn) are con-

centrated in the biotite.

Distribution in the large cation sites: Elements to be

congsidered in the large cation sites include K, Na, Rb, Ca,
Sr, and Ba. The Writef has included Pb in this group also
owlng to its charge and size.

No relationship was faund for K when the mole fraction
K/K+Na+Ca+Ba was considered. The addition of Ba and Ca to |
this mole fraction has little effect on the value of the
fraction since K is present in such overwhelming amounts.

Therefore, no matter which mole fraction is chosen, its value
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will approach unity and a partitioning of K cannot be ob-
served in this case.

Figure 16 fepresents the partitioning of Na between the
large cation sites of biotite and muscovite. The data are
scattered but appear to represent a distribution defined by
the equation, Ky = Xﬁg/xgi = 2.9, where X = Na/Na+K+Ca+Ba.
When one considers other mole fractions the scatter is of
greater magnitude. The Kp of 2.9 1is easily explained by a
consideration of the size of the Na cation (0.958), and of
the fact that the large cation site of muscovite has been
observed to be smaller than that of biotite (Radoslovich,
1963a). Sodium is the smallest of the cations which readily
substitute into this site and therefore it would be expected
to concentrate in the muscovite lattice.

The distribution of Rb between the micas is well defined
as may be seen in Figure 17. The ratio, Rb/Rb+K+Na+Ca+Ba,
is consilidered and the Kb is equal to 0.41, indicating a
preference of Rb"for biotite. Rubidium is the largest of
the large cations beling considered and thus will be in-
corporated In the iarger bilotlte site. One point, sample
WM 5, lies far above the Kj line. As pointed out in the
discussion of Ni, WM 5 1is from a different gecgraphical
locality and may represent a different equilibrium, or no
equilibrium at all.

No distribution was observed for Ca owing chiefly to the
analytical quality of the data and the extremely low abundances

of Ca in the muscovites, often below the limit of detection.
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The interference of Ba with Ca in the flame photometric
analysis hindered the detection of trace amounts of Ca. One
would expect Ca to enter the muscovite large cation site but
this 1s apparently not the case.

When the mole fraction, Sr/Sr+K+Na+Ca+Ba, is considered
no distribution of Sr 1s observed (see Fig. 18). A possible
explanation for this apparent "disequilibrium" might involve
the Inclusion of submicroscopic inclusions of apatite.

McKay (1964) observed Sr (ionic radius equal to 1.133) to
be incorporated in the muscovite with a KD of 4.1,

Barium {(Fig. 19) yields a poor but recognizable dis-
trivution with a Kj defined by the equation, Xp5/XBl = 1.33,
where X = Ba/Ba+K+Na+Ca. The scatter is definitely attributed
in part to poor analytical data. When the ionic radius of
1.358 for Ba is compared to that of Sr, the other divalent
cation for which a distribution has been found, 1t becomes
apparent that, although Ba 1s concentrated in muscovite, it
should have a lower Kp than that of Sr. This is in fact the
case.

Lead has a divalent radius of 1.208 and should enter the
mica structure incorporated in the large cation site. A plot
of Pb/Pb+K+Na+Ca+Ba for muscovite versus that for biotite
produces no relationship (Fig. 20). Possibly the mole
fraction chosen 1s not the correct one, or the Pb content may
be a function of the original uranium and thorium distribution
between the minerals. It would be difficult to hypothesize

as to the site in which the original uranium and thorium were
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concentrated since 1t is not known whether they actually
substituted in the lattice or were Incorporated as accessory
minerals. If the radicactive elements were present in
accessory minerals, there is no reason to expect a systematic
relationship today among the Pb contents of the various mica
pairs.

It can be seen from these distribution data that the
partitioning of an element between the 1argé cation sites

of muscovite and biotlite is controlled chiefly by the ionic

radius.

Element Distribution between Plagioclase and Hornblende

The structure of hornblende may be considered similar to
those of the micas in that there is a 1érge cation poslition
in elght-fold coordination and the two octahedral sites which
will be termed Oc1 and 002 during this discussion for the
sake of brevity.

The model used for plagioclase assumes that all univalent
and divalent ions enter the Ca-Na site and trivalent and
tetravalent lons substitute for Al (Deer, Howile, and

Zussman, 1963d).
Distribution between the Oco gite of hornblende and the

Al site of plagioclase: Elements included in this group

include Al, Ti, Fe’3, and Cr. No good relationships are ob-
served 1n thls group and a number of explanations may be
offered: 1) lack of knowledge about the exact distribution

of Al within sites in the plagioclase and hornblende
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structures, 2) dissimilarity in the plagioclase and horn-
blende structures, 3) poor analytical data for Ti and Cr,
4) slight alteration of the plagioclase, and 5) idealized
mole fractions.

No distribution was determined for Al between the two
minerals owing to the fact that the Al substituting for Si
and the octahedrally coordinated Al in the hornblendes are
not distinguished.

Flgure 21 represents a plot of the mole fraction,
Ti/Ti+A1#Fe‘3, for hornblende versus plagioclase. No re-
latlonship. 1s apparent, and the cause may be attributed to
the analytical data and Al distribution. It is noted also
that other mole fractions (Ti/Ti+Fe*3, T1i/T1sA1l, and
Ti/Ti+Mg+Mn+Fe) indicate no significant distribution either.
It 1s obvious from the analyses that Ti is dominant in the
hornblende (Kp less than unity).

The partitioning of Fet3 is represented in Figure 22
and a line may be tentatively drawn through the points de-
fining a Kp = x§5;3/x§2‘3 = 0.002 indicating the pre-
dominance of Fe*3 in the hornblende phase. Similar arguments
as those advanced above may be used in explaining the
scatter. The mole fraction used is Fe’3/Fe*3+Ti+Al.

Chromium appears to be distributed according to a Kp of
0.05 when a mole fraction of Cr/br+A1¥Ti+Fe*3 is considered
(Fig. 23). 1If the distribution of Cr 1is controlled by the
crystal fleld stabilization energy (60.0 kcal/mole) this

would indicate the Al site in hornblende to be smaller than
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the equivalent site in plagioclase. This observation is not

supported by the distribution of Fe*3 (stabilization energy

= 0 kecal/mole). One notes that similar discrepancies were

observed in the Fe*3 and Cr distributions between muscovite

and biotite.

Distribution between 931 site of hornblende and the

Na-Ca site of plagioclase: The three chief cations found

in the Ocj site of hornblende are Mg, Mn, and Fe*z, and,'as
with the micas, the transition elements and Li substitute
Into this position. The Na-Ca site in plagloclase 1s the
only major position where univalent and divalent cations may
enter the structure and no evidence of subsites within this
position has been reported.
No distribution for Fe+2 can be observed owing @o the
relative nonexistence of Fe*2 in the plagioclase structure.
Figure 24 represents the distribution of Mg between horn-
blende and plagioclase. Although a curve is drawn through
the points, no simple equation can be derived to fit the
points and no unique distribution constant, Kb,.can be as-
signed. It 1is apparent that the distribution of Mg changes
with the concentration of the element and nonideality is the
case. It has been observed that Mg substitutes in the Ocq
site iIn hornblende in an ideal manner up to about Xﬁg = 0.7,
where X = Mg/Mg+Mn+Fe+2*Ti‘(Kretz, 1959). The mole fraction
considered in this investigation, Mg/Mg+Mn+Fe*2, is essential-
ly equal to that of Kretz, so ldeality might be assumed for Mg
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in hornblende. 1In this case the non-ideal nature of the
distribution is .attributed to the Mg in plagioclase. Poor
distributions are generally observed where an element is con-
sidered which 1s a major component in one phase and a trace
comporent 1in the other. It should be noted that the mole
fractions are not the same for hornblende and plagioclase.
The mole fraction of Mg in the plagioclase site is, by de-
finition, Mg/Mg+Na+K+Ca, and it is with these ions (and other
trace ions) that Mg competes for its pbsition in plagioclase.
Therefore, it would not be a valid representation of the
mole fraction to consider the ratio, Mg/Mg+Mn+Fe*% when
examining plagloclase.

The distribution of Mn 1s represented in Figure 25. The
situation is similar to that for Mg in that no distpibution
can be assigned to the curve. Manganese has been observed
to be quite non-ideal above the point Xﬁg = 0.01 (Kretz,
1959, 1960). This fact, coupled with the lack of knowledge
of the behavior of Mn in plagloclase, may help to explain
the absence of a distribution. One notes again the diffefence
in mole fractions for the two minergls. The possibility that
the distributions of Mg and Mn are controlled by variations
In the mole fraction of another component was examined but

" no conclusive observations could be made.

- When the mole fraction for zinec in hornblende, Zn/Zn*Mg+
Mane*Q, i1s plotted against the mole fraction for plagioclase,
Zn/Zn+Na+K+Ca, no relationship is observed (Fig. 26). Upon

examlnation of the mole fraction of Mn in hornblende, however,
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it becomes apparent that as ng decreases, the Kb for the

ratio X, /%0 increases. Although the distribution of Zn
appears to be controlled by Xﬁg, a general statement can be
made that the large cation site of plagioclase favors the
Incorporation of zinec since all Kb's for the points in

Figure 26 are greater than unity. The crystal field stabiliza-
tlon energy theory predicts this 1f 1t 1s recalled that the

Ocy site 1n hornblende 1s smaller than the Ca-Na site in
plagioclase and that the stabilization energy of Zn 1s zero
keal/mole.

Figure 27 indicates the distribution of Co between horn-
blende and_plagioclase. Although the data are poor, a Kp of
0.77 is defined by the straight line passing through the |
origin. Considering the stabilization energy of Co (17.1
kecal/mole), it is expected to concentrate in the hornblende
phase.

No distribution can be observed for Ni and no correla-
tion between the mole fraction of Ni in either phase and
variations in the mole fraction of a second component is
obvious. |

Copper 1is irregularly distributed between hornblende
and plagioclase as observed in Figure 28. The dashed line
indicates a Kp = ng/xgg = 0.94. Different mole fractions
are again chosen for the two minerals, these being Cu/Cu+
Mg+Mn+Fe*2 and Cu/Cu+Na+K+Ca for hornblende and plagioclase,
respectively. Copper 1s only slightly concentrated in the

basic hornblende phase. One notices that sample 47
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congsistently lles far from the Kb line. The reason for
this is not apparent. Both samples 47 and 60 contain
almandine garnet and thls abnormal assemblage might be ad-
vanced as an explanation, but sample‘60 generally does not
deviate sighificantly from the distribution line, and both
samples were collected within ten feet of each other so
temperature and pressure variations cannot be suggested.
Lithium should substitute in the Ocq position of horn-
blende according to its ionic radius (0.60A), similarly to
i1ts behavior in biotite. The mole fraction, Li/Li+Mg+Mn+Fe*2,
In hornblende plotted against the mole fraction, Li/Lis+Na+K+Ca,
for plagioclase describes a line with slope of 0.28 which is
the Kb for Li (Fig. 29). Owing to the small size of the Li
ion the tendency should be for Li to predominate in horn-
blende. The low Xp indicate§'this fo be the case. Samples
47 and 60 both lie far from the Kp line in this case due to
the high L1 content of the hornblende in each pair. A
partial exblanation.for this may lie in the fact that both
samples contain garnet and lack biotite, a Li-rich phase.
In this respect the hornblende would be expected to in-
corporate glightly more Li than if biotite were present.
Two other biotite-free samples contain hornblendes which are

of average Ll content so this hypothesis may be an over-

simplification.

istribution between the large cation site of hornblende

and the Ca-Na site 2£ plagioclase: Elements under consideration
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in this section include K, Na, Rb, Ca, Sr, and Pb. No
analyses were made for Ba.

Figure 30 represents the distribution of K between
hornblende and plagioclase where the mole fraction, K/K+Na+Ca,
is chosen for both minerals. The proposed KD line does not |
Intersect the origin and there seems to be little Jjustifica-
tion for constructing a curved line, so the value of the
Kp (0.61) is questionable, but its order of magnitude is
probably significant. A possible interpretation for‘the fact
that the line does not intersect the origin involves the
presence of potassium feldspar in an exsolved state in the
feldspar samples or as an occasional ~contaminating grain.
Most of the plagioclase samples showed slight sericitization
and this might account for the high potassium values. It is
interesting to note that the distribution of K is in part
controlled by the mole fraction, Rb/Rb+Na+K+Ca, for plagio-
clase. The five points representing the five highest values
cf Xﬁc represent the five greatest values of ng in regular
order. A plot using the mole fraction, K/K+Na, for horn-
Blende yields a soﬁewhat similar distribution but with more
scatter.

No distribution was found for Na. The mole fractions,
Na/NarK+Ca and Na/Na+K, were examined but no relationship
could he observed. The abundance of Rb in the hornblendes

was below the limit of detection so no distribution can be

proposed.
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The Ca content of the hornblendes is essentially in-
variable so the mole fractioﬁ, Ca/Ca+Na+K, is quite a constant
value and partitioning of Ca between hornblende and rlaglio-
clase has 1little meaning.

A distribution is observed for Sr (Fig. 31) when the
mole fraction, Sr/Sr+Ca+Na+K, is considered for both minerals.
Kb 1s defined by the equation,ng/XHb = 13.3, indicating a

Sr
ry marked enrichment of Sr in plagioclase. It may be

<'

concluded from the extreme concentration of Sr and Rb in
the plagioclase lattice that the Ca-Na site of plagioclase
i1s considerably larger than the large caticn site of horn-
blende.

No systematic partitioning of Pb is observed when the mole
fraction, Pb/Pb+Na+K+Ca, is chosen. The lack of a distribu-
tion may be caused by an incorrectly selected mole fraction
or, more likely, as with the micas, variations in the original
thorium and uranium contents.

It is observed from these hornblende-plagioclase dis-
tributions that partitioning between the pair is generally
poor, owing chiefly td the significant differences in the
structures and chemistry of the minerals. The 1list of causes
listed at the first of this section may 1n fact be applied

to all hornblende-plagioclase distributions.

Element Distribution between Hornblende and Epidote

Distribution between the Oc, site of hornblende and the

Al-Fe*3 site of epidote: Flgure 32 represents the distributim

=3 v~
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of T1 between hornblende and epidote with XT1 = Ti/T1+A1+Fe+3.
It is difficult to draw a KD line through the seven points,
but 1t is obvious that T1 predominates in the hornblende.

The scatter 1s attributed chiefly to the Ti analytical error.
It should be pointed out that there is little need to dis-
tinguish between the Al distribution between positions in

the epidote structure as essentially all Al occurs in the
octahedrally coordinated site (see discussion of crystal
structures). A plot for Ti using the mole fraction,
Ti/Ti+Fe*3, ylelds similar results.

A Ky of 0.80 is defined by the line in Figure 33 which
represents the Fet3 distribution with Fe‘3/Fe*3+Al+T1 chosen
as a mole fraction. If the crystal field stabilization
energy theory applies to the partitioning of Fe+3, the Kb
‘would imply that the Ocp site of hornblende is larger than
the equivalent site in epldote since Fe+3 has no stabiliza-
tion energy. It should be remembered, however, that the Fe*3
(and Cr) distributions between micas, and plagioclase and
hornblende are not controlled by the stabilization energy.

No Al distribution is found owing to the site problem
of Al in hornblende and the small varlability in the abundance
of Al. The fact that only seven epldote-hornblende pairs
were studled limits the accuracy of any Kp lines that might
be proposed for distributions but the general distribution
trend should be significant.

Chromium 1is slightly concentrated in the epidoﬁe phase

as seen in Figure 34. The Xp for the mole fraction,
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Cr/br+A1+Ti+Fe*3, is 1.2. The implication that the Ocy,

site of hornblende is small 1s supported by the distribution

of Cr.

Distribution between the le slite of hornblende and thne

Oc-(Mg-Fe*g) site of epidote: Figure 35 represents an

interesting relationship. Two different KD's are proposed
for the partitioning of Fe+2 between hornblende and epidote
for the mole fraction, Fe*?/Fe*2,Mn+Mg. The one Kp indicates
that Fe'2 occurs edqually distributed between the phases

while the gecond represents a noticeable preference of Fet2
for epidote, implying that the Oc site of eplidote is smaller
than the Oc; site of hornblende. The possibility exists that
the points are merely scattered and represent a Kb somewhere
between 1.00 and 1.43. No conclusive correlation can be

made between the two distributions and variations in a second
component with the avallable data.

Magnesium is preferentlially incorporated in hornblende
(Fig. 36). The mole fraction is Mg/Mg+Fe*2 and the K de-
fined by the ratio, xﬁg(l-xﬁ;)/xﬁg(l-xﬁg), 1s 0.32. It 1is
interesting to note that in this instance more scatter is
observed when the mole fraction, Mg/Mg+Fe*2an, 1s chosen.
Apparently the presence of Mn effects the Mg distribution to
a small extent.

Manganese 1s distributed according to the equation,

EE/Xﬁg = 1.74 = Kp,with Mn/Mn+Mg+Fe+2 as the mole fraction

(Fig. 37). According to the stabilization energy of Mn
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(zero kecal/mole), Mn will enter the larger site, which.
reasoning from the Kb, 1s iIn epidote. This observaticn is
in opposition to the one drawn from the Fet2 distribution,
and other factors apparently affect the partitioning.

Figure 38 indicates that the distribution of Zn is
controlled by Fz,g. The Implication of thisvcontrol is
admlttedly not too strong but it should be mentioned. In
the case of zinc scatter cannot be attributed to analytical
inaccuracies and there is little reason for doubting the
mole fraction, Zn/Zn+Mg+Mn4Fe*2, so elther disequilibrium or
control by another element should be suspected. It does
appear that Zn 1s slightly concentrated in epidote.

The extreme enrichment of Co in the epidote site is in-
dicated by the Ky of 24 when the mole fraction,<xyb0+Mg+Mn+Fe*2,
1s considered in Figure 39. The KD's of Co, and Ni and Cu,
the discussions of which follow, all are quite large and
iIndicate that the Oc site of epidote is definitely smaller
than the Ocq site of hornblende.

No unique Ky distribution line can be defined from the
data representing the distribution of Ni, but it can be
stated that N1 is incorporated in the epidote site in an
amount of about 30 times that which enters the equivalent
hornblende site when Ni/Ni+Mngn+Fe*2 1s examined as the mole
fraction.

The data Jor Cu are poor and the distributioh line is
questionable (Fig. 40). Sample 58 is far ffom the Kp line

In this figure and invariably 1s anomalous in one way or
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another in all epidote-hornblende distributions. The
chemistry of Ep58 is the obvious reason for this (see Table
7). The data do suggest, however, a Kb of about 45, in-
dicating the exfreme preference of Cu for epidote.

No significant distribution of Li is observed in the
seven mineral pairs analyzed with the mcle fraction
Li/Li+Mg+Mn+Fe*2. This may be attributed to some lack of
knowledge as to the exact distribution of Li within the

epidote lattice, or simply to a lack of equilibrium.

Distribution between the gg_site gg hornblende and the

Oc Ca site of epidote: A Kp of 1.5 is suggested for the

distribution of K between the phases when K/K+Na 1s chosen
as a mole fraction (Fig. 4),but if K/K+Na+Ca is used no Kp
can be observed.

- A Ky of 0.79 is found for Na when the mole fraction
Na/Na+K is considered (Fig. 42), but no significant dis-
tribution is observed with Na/Na+K+Ca chosen as the fraction.
This distribution and that observed for K may be caused by
the overwhelming amount of Ca and the poor analytical quality
of the Ca data. No distribution of Ca is observed owing to the
small variation 1n its abundance in hornblende and its pre-
dominance over other cations in the site.

The data for the Sr distribution indicate a Kp on the
order of 20, representing a strong enrichment of Sr in
epldote {Fig. 43). The two points, 36 and 58, indicate

epldote samples with high Ca contents, and therefore lower
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E
ng values when X = Sr/Sr+Ca+Na+K,

Lead exhibits no meaningful distribution when the mole
fraction Pb/Pb+Na+Ca+K is used, but the data indicate a

general preference of Pb for epidote (Fig. 44).

Few generalizations can be made about the distributions

WY

but i1t appears that the larger divalent cations favor epidote

and the smaller univalent cations enter the hornblende.

Element Distribution between Epidote and Plagioclase

Only five epidote-plagiocilase pairs were analyzed in
thls investigation so distributions are generally poorly
defined and admittedly of quite dubious value. When two
minerals are being examined which have structures and chemistry
of radically different types, a large number of pairs (at

least 20) should be considered in order to obtain meaningful

distributions.

Distribution between the Al site of plagioclase and the

Al-Fe*3 site of epildote: The distribution of Ti shows no

systematic trend when either Ti/Ti+A1fFe*3 or Ti/Ti+Fe*3 is
chosen as the mole fraction. Asidé from the possibility of
disequilibrium, the poor analytical data for Ti and the
question about the distribution of Al within plagioclase may
be cited as causes.

Ferric ion 1s represented in Figure 45 where a Kb of

0.02 may be defined by the line, X§2T3/ng,3, with a mole
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fraction of Fe*3/Fe*3+Al+Ti. The Fe*3 cation is greatly
concentrated in epidote. No distribution was found for Al.
Only three of the five plagioclase samples contained de-
tectable amounts of Cr, so only three points could be con-

sldered and these showed no relationship.

Distribution between the Ca site of plangblase and the

Mg-Fe"2 site of epidote: Figure 46 represents the data for

Mg. A Kp of 0.025 is observed with the mole fractions,
Mg/Mg+Mn+Fe*2 and Mg/Mg+Na+K+Ca, signifying the abundance
of Mg in epidote. ©No significant distribution 1s observed
for Mn, but Mn is concentrated in the Mg-Fe site of epidote
over the Ca site of plagioclase.

| Similar distributions are exhibited by Zn, Co, and Ni
as seen in Flgures 47, 48, and 49. A1l Kp's are of the same
order of magnitude (0.018-0.030), indicating the preference
of these transition elements for epidote. Copper and Li
show no distributions. 1In all these cases it is necessary
to conslider two different mole fractions for the two different .
minerals, these being, in the case of Zn, Zn/Zn+Mg+Mn+Fe*2
and Zn/Zn+Na+K+Ca for epldote and plagioclase, respectively.

Distribution between the Ca sites: The predominance of

K in plagloclase is seen in Fiéure 50 where a Kp of 35 is
defined when K/K+Na+Ca 1s chosen for the mole fraction. The

Ky for Na is essentially meaningless as it represents a

D
hlgh-Na phase, plagioclase, and a phase in which Na occurs

as a minor constituent. No significant distribution is noted
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for Sr or Ca. Rubldium occurs in epidote in amounts below

the 1imit of detection so no distribution can be made.

Distributions betweeq Garnet and Hornblende

Since only two garnet-hornblende pairs were analyzed
for this investigation, no significant distributions can be
derived on the basis of these alone. 1In Figures 51, 52, and
53 the distributions of Mn, Mg, and Fe, respectively, are
superimposed on figures taken from a paper by Kretz (1959)
in which he examines distributions between hornblende and
garnet from the Grenville gnelisses of Quebec. The data for
the two samples, 47 and 60, in general agree well with the
published relationships of Kretz, especially in the case of
Mn where a Kp of about 0.1 is defined by the relationship,
Xﬁg/Xﬁn, in the region below Xﬁn = 0.08. Kretz does not

suggest a KD in his publication owing tc lack of data in the

field of high X3 values.

The two garnet-hornblende samples do not ideally fit
'into‘Kretz's Mg distribution diagram (Fig. 52) in which he
relates the distribution of Mg to the mole fraction of Mn
in garnet. This mole fraction for both samples from this in-
vestigation lies in the 0.03-0.11, or "B" range of Kretz,

but only one of the samples falls into the "B" region on the

diagram.
Kretz suggests no value for the distribution of Fe between

garnet and hornblende on the basis of his data (Fig. 53).
The two mineral pairs from this study add little to the
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Sltuation but do conform faftrly well with the published data.

SUMMARY AND CONCLUSIONS

The distributions examined indicate that in general the
rocks of the Mica Mine area have either approached or
achleved chemical equilibrium with respect to most elements.
Evidence of this is more marked in the wica schists than in
the amphibolites although both have certainly been subjected
to similar temperature and pressure conditions of meta-
morphism. Several elements adhere closely to the Nernst
distribution equation and exhibit ideal solution behavior
throughout the limited range of concentration considered.
Most notable among these are: Mg, Mn, Zn, and Rb distribu-
tions between the miecas.

Scatter 1n the distribution diagrams is in general attri-
buted to several factors: 1) disequilibrium with respect to
an element, 2) influence of the mole fraction of anothep'
element on the distribution being examined - more data are
needed in order to examine complex relationships, 3) lack
of knowledge concerning the distribution of Al within a
mineral, 4) alter-valency of Cr, Ti and Mn, 5) poor
analytical data in the case of Ti, Ca, Ba, and some of the
transition elements,'and 6) slight alteration of prlagioclase.
When one mineral of a palr consistently contains more of a
given element, but no éignificant distribution is observed,

2quilibrium is probably approached but not fully achieved.
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A suﬁmary of the distributions islpresented iIn Table 3
for the four mineral pairs examined. It is observed that

as the chemical and structural nature of the paired minerals
becomes more dissimilar, fewer and poorer distributions are
observéd. The palr, muscpvite—biotite, exhlibits the greatest
number of and most signhificant distributions while dis-
tributions for the other three groups are less well defined

and less abundant.

Observed elemental distributions can be explained with
consideration of such factors as similarities in crystal
structures between minerals, the valency and radius of ions
competing for a structural site, the size of the structural
site into which an element enters, and the crystal field
stabilization energy of the transition elements.

It is interesting to note that apparent chemical equllibrium
is attained in hand specimen size samples. This observation
1s not in accord with that of Turekian and Phinney (1962)
who conclude that: "rarely in samples of hand specimen size
are equilibrium distributions of trace elements between co-
exlsting phases observed in metamorphic sequences."

The data presented in this investigation cannot be
directly applied to the .problem of determining the temperature
and pressure conditions of formation in light of the fact
that little if any experimental work has been pursued and
published concerning the distribution of trace elements be-

tween phases at a known temperature and pressure. In the
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Table 3

Summary of Distributions, Kb’s

Ms-Bi Ep-Hb Pc-Hb Pc-Ep
0.56 n.o. n.o. B.o.
0.32 0.80 0.002 0.02
n.o. n.o. n.o. n.o.
0.28 1.2 0.05 n.d.
0.59 1.00 n.d. n.d.

1.43
2.3 0.32 n.o 0.03
.62 1.74 n.o n.o.
Hb Hb
0.76 Fe+2 XMn 0.02
7.5 24 0.8 0.03
6.9 n.o n.o. 0.02

11 45 0.9 n.o.

2.1 n.o. 0.3 n.o.

, Pc :

n.o 1.5 XRb 35

2.9 0.79 n.o. n.o.
0.41 n.d. n.d. n.d.
n.o. n.o. n.o. n.o.
n.o. 20 13.3 n.o.
1.3 n.d. n.d. n.d.
n.o. n.o. n.o. n.o.

distribution not observed
distribution not determined

distribution controlled by the mole fraction of
A in phase 1



-60-

‘case of the micas 1t will be necessary to examine the dis-
tribution constant for an element as it varies with temperature
by synthesizing coexisting micas at various water vapor

pressures and temperatures and observing Kb as a function of

temperature.

Preliminary electron probe microanalysis for Mg and Fe
In the micas of samples MM 13 and WM 5 indicates that varia-
tions of more than 7% in the abundances of these two elements
in bilotite. grains within two mm. of each other and muscovite

gralns within two mm. of each other do not exist.

VI
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APPENDIX
SAMPLE PREPARATION

All samples for this investigation were collected
during the spring and summer of 1965, and were generally
two to three pounds in size. The original plece was cut by
means of a diamond saw into two smaller pleces, one for
sample preparation and one for reference (see Fig. 54). A
slab was also cut ih“brder that a thin section might be pre-
pared. The portion for analysis was trimmed to remove the
outer weathered material, and the weight recorded (Table 8).
All samples were broken by means of 3% by 4% inch Denver
Jaw crusher to one-half inch pieces and then erushed further
with a Sturtevant laboratory roll. The pulverized samples
from which mineral separates were to be prepared were washed
with dilstilled water and reagent grade acetone to remove the
fine dust particles in order that the magnétic separator
might be used.

In order that the Frantz Isodynamic separator might be
used more efficiently, it was necessary to wash the ground
sample as described above and remove all grains larger than
48 mesh. The minus-48 mesh portion was run through the
magnetlc separator and the various mineral phases con-
centrated to about 904 purity. In most cases about 15 to
30 grams of each phase was retained for further purification,
and this portion was ground in a mullite morter and pestle

to pass a 97-mesh nylon screen and fall onto a 200-mesh screen,
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Sample » Diamond Sawed —aThin section
One half retained

Wash with distilled water
Jaw crusher w
Laboratory rollers
Wash with distilled water, acetone, and dry under heat lamps
Sleve MM and WM mineral separate samples to minus-48 mesh
Concentrate mineral phases with magnetic separator
Crush to minus-97, plus-200 mesh with mullite mortar and pestle
Wash with distilled water, acetone, and dry under heat lamp

Purify separate with magnetic separator

Remove Q Kf Remove '‘B1 Remove Ep Remove HD Purify G

from Pc with from Hb from Hb from Ep with meth-
tetrabromo- with vi- with meth- with meth- ylene
ethane brating ylene ylene iodide

table io?ide lodide
Purify samples with ma tlc separator

Hand pick one gram
Wash with distilled water in ultrasonic cleaner
Wash with distilled water and acetone and dry under heat lamp

Place in clean glass vial and store in dessicator for final
analysis

Flow Diagram for Sample Preparation

Figure 54
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Table 4
Sample Weights

Sample  Wt.-gms. Sample  Wt.-gms.
MM 2a 155 MM 33 295
MM 3a 100 MM 35 275
MM 4a 360 MM 36 300
MM Sa 200 MM 39 280
MM 4 250 MM 44 270
MM 6 140 MM 45 320
MM 10 390 MM 46 260
MM 11 300 MM 47 275
MM 13 80 MM 49 298
MM 15 250 MM 50 320
MM 16 350 MM 51 255
MM 18 120 MM 54 286
MM 20 260 MM 55 300
MM 23 200 MM 56 320
MM 25h 70 MM 58 310
MM 25p 220 MM 59 285
MM 30 365 MM 60 245
MM 31 293 MM 61 315
MM 32 285 WM 5 285
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washed with distilled water and reagent grade acetone and
dried under heat lamps. Further purification was carried
out on samples by repeated passes through the isodynamic
separator to remove phases of greatly different maghetic sus-
ceptibility from the mineral under consideration. In this
fashion acidic phases such as quartz and feldspar could be
quite efficiently separated from the basic minerals such as
hornblende, anthophyllite, epidote, bilotite, and almandine.
The separation of muscovite from biotite, feldspar, and
quartz was almost 100% efficient by means of the magnetic
separator, but separations within the acidic and basic
groups proved to be less efficient and more difficult. In
samples contalning potassium feldspar and/or quartz in ad-
dition to plagioclase, magnetic means could not be used. It
was found that tetrabromoethane diluted with acetone, and
extensive hand picking were the best methods.

As mentioned above, the purification of muscovite and
biotite by magnetic means was relatively simple, but the com-
plete removal of epldote and biotite from hornblende was
quite frustrating. Magnetic separation means proved to be
only about 90% effective in the separation of hornblende and
epldote and had little effect on the removal of biotite from
hornblende. Bilotite was effectively removed employing a
tilfed shaking table and collecting the hornblende grains which
rolled off the glazed paper top while the biotite flakes were
retalned. Owing to the overlap in densities of the biotite

and hornblende, heavy liquids could not be used as they were
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for the removal of epidote from hornblende. Little biotite
appeared 1in the epldote samples because of its original
concentration with the hornblende during the initial magnetic
separation. Use of methylene ilodide coupled with hand
picking was effective in the final purification of hornblende
and epidote samples. ‘

Purification of the few almandine and anthophyllite
phases was not excessively difficult and was performed
coupling the use of methylene iodide with magnetic means.

Final hand picking of about one gram of each sample was
performed at 40 power magnification employing a binocular
microscope and a small moist brush. This portion was washed
for about one hour with a Bendix Model SEC-48 ultrasonic
cleaner by placing the sample in a one-inch dilameter test-
tube and suspending the tube in the sonic bath. After the
cleaning period, the pure mineral separate was washed with
distilled water and acetone and dried under a heat lamp for
one hour. The dried sample was finally placed in a clean,
dry glass vial and stored in a dessicator.

Grain counts of the clean separates indicated most of
the samples to be at least 99.9% pure. Hand picking of con-
taminating epidote grains from the hornblende and plagioclase
samples was 100% effective owing to the definite color dif-
ferences among the phases. Most remaining blotite could be
distinguished and removed from the hornblende, and never re-
mained In excesses of one grain in 1,000. Epidote separates

were often contaminated with about 0.1 to 0.5% hornblende,
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but always in the form of composite grains. Contamlnation

of plagioclase with quartz and potassium feldspar was es-
timafed to range up to 0.5% in some cases because of the
difficulty in distingulishing among these minerals under the
binocular microscope. Muscovite and biotite always approached
1004 purity. Any contamination of the muscovite was in the
form of composite grains with biotite. Anthophyllite was at
least 99.9% pure, but contamination of the almandine by

composite hornblende grains was about 0.5%.

CHEMICAL PREPARATION,: PRECISION, SENSITIVITY,
AND ANALYSIS -

In most cases 100-fold stock solutions were prepared
for further dilution and analysis by dissolving a 0.5000
£0.0010 gram portion of the cleaned dry mineral separate
In hydrofluoric and nitric aclds and diluting to 50.0 mls.
In some cases a 0.2500%0.0010 gram sample was used and the
final dilution was made to 25 mls.

The sample was weighed onto a small piece of drafting
linen and transferred to a 100 ml. FEP teflon beaker, at
which time 10 mls. of concentrated reagent grade HN03 were
added and the beaker, covered with a teflon watch glass, was
heated under a heat lamp for 1.5 hours. Six mls. of con-
centrated HF were added and the covered beaker allowed to
heat foé’one hour after which the cover was removed and the

solution was evaporated to dryness. When the samplé had

dried, five mls. of éoncentrated HNO3 and two mls. of HF
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were added and the solution taken to dryness a second time.
The residue on drying was not allowed to turn dark brown
(owing to the formation of iron oxide), but was removed when
it became white and qulte flaky. For the final redissolving
two mls. of concentrated HNO3 and about 90 mls. of distilled
water were added to the beaker which was then covered with
the teflon watch glass and heated with the heat lamps for

10 to 12 hours. In most cases the sample would be complete-
ly in solutiqn after this treatment, but, if a fesidue re-
mained, more water was added and further heating was re-
guired. Elemental blank contributions from the water were
negligible. When the residue (shown by X-ray analysis ?o

be calcium and/or magnesium fluoride) was observed to be
dissolved, the cover was removed and the volume of the solution
reduced to about 25 mls. by evaporation, then cooled and
transferred to a 50-ml. yolumetric flask and diluted to
volume. This 100-dilution stock was poured into a 60-ml.
-polyethylene bottle and kept for further dilutions and
analyses. From the stock solutions 50-fold (5000x) dilutions
were prepared for all samples. Dilutions of 15000x were pre-
pared for most samples. In the case of the muscovite,

25000x dilutions were found more useful. In addition to -the
5000x and 15000x, a 50,000x dilution was preparg@ for the

two almandine samples. A detalled list of the dilution ranges
used for the elemental analyses in the various phases is
found in Table 5. The exact dilution for each sample 1is of

course dependent upon the exact sample weight.
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Analyses for all elements except F‘e“'2 and Ti were

carried out by means of a Perkin-Elmer Model 214 atomic ab-
sorption flame spectrpphotometer.b Elwell and Gidly (1962)
discuss the theory and operation of the flame photometer,
and the reader 1s referred tc Billlings (1963), McKay (1964),
Harriss and Adams (1966), Carter (1965), and Stow (1965) for
readings Involving applications of flamevphotometry to geo-
loglc problems. All analyses done by this method could be
carried out directly on the appropriately diluted solution
(see Table 5) with the exception of Mg, Ca, Sr, and Ba. It
was found that a spike of 60,000 p.p.m. La solution (pre-
pared by dissolving 93.6 grams of La(NO3)3 in one liter of
distilled water) had to be added to the appropriately diluted
sample in order to complex the Al ions iIn solution which
interfere in the flame with the alkaline earths. When the
100x range was used, two mls. of the La spike were added to
four mls. of the sample, and when the 5000x range was used,
one ml. was added to 10 mls. of sample. For the 15,000x
and 25,000x solutions, 0.5 ﬁl. of La solution was added to
10 mls. of sample. Standards were treated in the same way.
Aluminum was determined by flame photometry employing a
N20-acety1ene flame 2nd a high temperature burner.

Titanium was studied using the method of Shapiro and
Brannock (1962). The procedure was followed exactly except
that the sample solution was that obtalned from the HF-HNO3
opening and not the solution B recommended in the published

procedure. Ferrous lon was determined 1n accordance with the
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procedure described by Shapiro (1960).

Throughout the investigation a wide varlety of primary
and secondary standards were employed. Where disagreement
existed among the standards, the primary standards.weré con-
sidered more important and more accurate. The primary standards
used included G-1, W-1, Sy-1, Sul-l, and NBS standard F1d-99.
Secondary standards included CRB-788, T-1, Pomona 2,3,5,7,9,
13,15, and 16, and a series of artificial mineral standards
prepared from reagent grade nitrates, carbonates, and metals.
Salt solutions were used only to determine linearity of the
flame photometer, and reproducibility of peak and absorption
readings. All working curves were drawn in accord with primary
(and secondary) rock standard absorption and peak height ‘
readings.

Although all of the above mentioned standards could be
used for major elements, only the primary standards; CRB-788,
and an artificial blotite, AB-1 spiked with trace elements,

could be employed in defining the working curves for trace

elements. -

For the determination of Fe'@, W-1, Sy-1, and G-1 were

consistantly used.

Table 6 indicates the precision and sensitivity in solu-
tion determined throughout this investigation. Precision was
determined by a triplicate opening of sample CM-1, and com-
parison of the elemental concentrations determined in the three

openings. The sensitivity in solution is defined as the

amount of metal present at 1% absorption.
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Table 5

Dllution Ranges for Analysis

Bi Ms Hb Pc Ep At G
100x 100x 100x 100x 100x 100x 100x

5,000 100 100 100 100 100 100
15,000 5,000 15,000 100 15,000 15,000 50,000
100 100 15,000 5,000 15,000 5,000 15,000

15,000 5,000 15,000 | 5,000 15,000 15,000 5,000

5,000‘ 5,000 .5,000 15,000 100 5,000 100
15,000 25,000 5,000 5,000 100 100 100
5,000 100 5,000 5,000 5,000 5,000 15,000
| 100 100 nd nd nd nd nd
100 100 100 100 100 100 100
100 100 100 100 100 100 100
100 100 100 100 100 100 100
100 100 ~100 100 100 100 100
100 100 - 100 100 100 100 100
100 100 100 100 100 100 100
100 100 100 100 100 100 100
100 100 100 100 100 100 100
100 100 100 100 100 100 100

nd = not determined
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Table 6

Precision and Sensitivity of Analyses

_ Pre- Sensi-
CM 1-1 CM 1-2 CM 1-3 Avg. cision* tivity**
S10-% 52.80 51.63 52.56 52.3 x5 4
A1283 17.20 17.80 17.00 17.3 3
Ti0p 0.52 0.50 0.58 0.53 8
Fep03 0.97 0.92 0.97 0:95 3.2
FeO 8.61 8.75 8.68 8.68 0.8
Ccao 8.91 9.24 9.35 9.16 . 2.7
MgO 7.57 7.69 7.53 7.61 1.0
K50 1.06 1.04 1.04 1.05 1.0
Naos0 2.22 2.24 2.22 2.23 0.5
MnO 0.142 0.143 0.141 0.142 0.7
Al % 9.10 9.40 9.00 9.2 2 % 1.0 p.p.m.
Ti 0.31 0.30 0.35 0.33 9
Fe+3 0.68 0.64 0.68 C.67 4.5 0.5
Fe+2 6.70 6.81 6.76 6.75 0.9 0.1 %
Ca 6.40 6.60 6.68 6.56 3.1 0.05 p.p.m
Mg 4.57 4.64 4,54 4,58 1.3 0.1
K 0.88 0.86 0.86 c.86 2.3 0.1
Na 1.65 = "1.66 1.65 1.65 0.6 0.1
Mn 0.110 0.111 0.109 0.110 0.9 0.08
Ba p.p.m. 26 22 200 227 15 1.5
Co 60 60 65 62 5 0.5
Cr - 88 93 97 93 10 0.4
Cu 38 37 37 37 3 0.1
Li 19 20 20 20 5 0.2
Ni 150 145 145 147 2 0.8
Pb 15 20 15 17 18 2.0
Rb 15 15 14 15 6 0.5
Sr 400 420 420 413 2 0.3
Zn 55 60 60 58 5 0.1

*¥ Reproducibility of any reading

** Amount of metal present at 1% absorption
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Table 7

Chemical Analyses

(see Table 6 for accuracy and precision)

Bi 4 Bi 6 Bi 10 Bi 11 Bi 13 Bi 15
Si00% 38.6 41.0 34.3 36.7 36.7 36.0
Alp03 19.1 18.3 . 19.1 19.3 18.7 19.1
TiO2 2.47 2.50 3.13 2.38 1.65 2.25
Fep03 4,28 7.92 4,32 1.99 3.40 4,25
Fe0 12.97 8.45 15.20 14.80 14.47 16.78
Ca0 0.12 0.13 0.01 0.01 0.04 0.06
MgO 9.20 8.20 9.77 10.77 - 10.69 8.04
Nao0 0.108 0.101 0.118 0.115 0.124 0.229
K20 9.75 9.08 9.73 9.60 9.63 9.07
MnO 0.388 0.340 0.348 0.384 0.604 0.259
Al % . 10.1 9.7 10.1 10.2 9.9 10.1
T 1.48 1.50 1.88 1.43 0.99 1.35
Fe+3 2.99 5.54 3.02 1.39 2.38 2.97
Fe+2 10.09 6.56 11.81 11.50 11.25 13.03
Ca 0.087 0.091 0.010 0.008 0.028 0.046
Mg 5.55 4.05 5.90 6.50 6.45 4.85
Na 0.080 0.075 0.088 0.086 0.092 0.170
K 8.10 7.53 8.07 7.96 7.99 7.52
Mn 0.300 0.263 0.269 0.297 0.467 0.200
Ba ppm 1600 1600 1800 2000 2000 1700
Co 65 65 75 65 - 75 75
Cr - 8 6 8 93 8 65
Cu 4 6 5 6 12 6
Li 82 80 109 81 104 96
Mn 3002 2625 2690 2968 4670 2000
Ni 45 50 80 85 80 95
Pb 10 40 35 35 45 15
Rb 960 1060 520 280 660 400
Sr 18 10 14 26 18 22
Zn 295 370 275 335 500 95
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MM 16 Bi MM 44 Bi
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MM 45 Bi MM 54 Bi MM 56 Bi WM 5

Bl

S10o%

Algog
TiOo
FepOg
FeO
Cao
MgQ
Nas0
K20
MnO

Al %
Ti 3
Fe*
Fe+2
Ca
Mg
Na
K
Mn

Ba ppm

Co
Cr
Cu
Li
Mn
Ni
Pb
Rb
Sr
Zn

37
18
1
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MM 4 Ms MM 6 Ms MM 11 Ms MM 13 Ms MM 15 Ms
S10o% 51.1 50.4 52.9 50.4 50.8 54.5
A1503 25.3 26.1 24 .6 28.6 26.6 27.4
Ti0p 0.82 0.88 1.33 0.87 0.43 0.45
FeoO3 4.88 4,38 3.60 2.23 3.24 2.53
FeO 0.94 1.21 0.77 0.87 0.90 0.96
Cao 0.003 0.010 0.000 0.000 0.06 0.01
Mg0 1.28 1.34 1.24 1.36 1.31 0.994
Na~0 0.326 0.385 0.398 0.380 0.489 0.600
Kg% 10.85 10.62 10.65 10.82 10.67 10.37
MnO 0.030 0.031 0.018 0.022 0.039 0.012
Al % 13.4 13.8 13.0 15.1 14.1 14.5
Ti 0.49 0.53 0.80 0.52 0.26 0.27
Fe+3 3.41 3.06 2.52 1.55 2.27 1.77
Fet2 0.73 0.94 0.60 0.68 0.70 0.76
Ca 0.002 0.01 0.00 0.00 0.044 0.009
Mg 0.775 0.810 0.750 0.820 0.788 0.600
Na 0.242 0.286 0.295 0.282 0.363 0.445
K 9.00 8.82 8.83 8.98 8.85 8.60
Mn 0.023 0.024 0.014 0.017 0.030 0.009
Ba ppm 2100 1800 2600 4500 9000 2600
Co 60 55 50 45 nd 65
Cr 4 10 10 67 nd 63
Cu 5 5 6 8 11 8
Li 28 31 17 13 13 15
Mn 227 237 134.5 168.5 296 925
Ni 45 45 60 45 40 50
Pb 5 10 8 nd nd 10
Rb 440 480 270 155 370 210
Sr 18 25 25 37 90 4o
Zn 23 4y 21 22 33 9
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MM 16 Ms MM 44 Ms MM 5S4 Ms MM 56 Ms WM 5 Ms MM 2a Hb
S1002% 51.9 53.2 54,0 53.0 54,3 48.3
Alp04 26.1 25.9 25.5 24.0 23.4 6.50
TiOos~ 0.95 0.87 0.42 0.80 0.92 0.67
Fes03 3.16 2.58 2.24 3.82 2.69 4.54
FeO 0.71 0.50 0.63 1.33 0.81 10.20
Cca0 0.00 0.00 0.00 0.004 G.00 12.39
MgO 1.48 1.49 1.54 1.33 1.95 11.93
NaoO 0.348 0.586 0.343 0.516 0.539 1.56
K>0 10.88 10.40 10.83 10.70 10.24 1.09
Ma0 0.018 0.021 0.013 0.014 0.021 0.822
Al % 13.8 13.7 13.5 12.7 12.4 3.45
Ti 0.57 0.52 C.25 0.48 0.55 0.67
Fe*3 2.21 1.80 1.57 2.67 1.88 3.24
FeT? 0.55 0.39 0.49 1.03 0.63 7.94
Ca 0.00 0.00 0.00 0.003 0.00 8.85
Mg 0.890 0.900 0.930 0.800 1.175 7.20
Na 0.258 0.435 0.254 0.383 0.400 1.16
K 9.02 8.64 8.99 8.88 8.50 0.90
Mn 0.014 0.016 0.010 0.011 0.016 0.635
Ba ppm 2700 2300 2900 3000 1300 - nd
Co 50 55 50 55 50 50
Cr 7 6 71 10 35 12
Cu 7 9 11 5 6 7
Li 19 16 15 25 49 13
Mn 143.5 163 99.8 114 155.5 6350
Ni 55 50 55 65 50 50
Pb 10 10 20 15 5 20
Rb 290 220 170 260 510 <8
Sr 12 6 30 12 <5 4o
Zn 16 25 17 13 16 475
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Table 7 (Continued)

MM 32 Hb MM 4a Hb MM 6a Hb

MM 18 Hb MM 20 Hb MM 23 Hb

S10% 47.1 46.4 br.7
21503 7.8 7.9 7.0
Ti0 0.53 0.42 1.13
F6283 5.21 5-69 4'72
FeO 10.25 9.72 10.48
Ca0 12.29 12.39 12.08
MgO 11.31 11.18 11.69
Nas0 1.55 1.59 1.71

. Ko0 1.24 1.21 0.543
MnO 0.726 0.901 0.750
Al % 4.15 4,20 3.68
T1 0.32 0.25 0.68
Fe+3 3.64 3.98 3.30
Fe+2 7.98 7.56 8.15
Ca 8.78 8.85 8.63
Mg 6.83 6.75 7.05
Na 1.15 1.18 1.27
K 1.025 1.000 0.450
Mn 0.561 0.697 0.580
Co ppm 60 60 45
Cr 12 10 15
Cu 9 13 10
i 12.5 13 6
Mn 5609 6968 5800
Ni 35 35 30
Pb 20 20 8
Rb 8 8 8
Sr 64 66 30

Zn 500 475 395

40.8
11.4
.78
A4
.75
-55
.45
.61
.801
437

.05
47
.20
.48
.25
.10
.19
.675
.338

55
10
42
4.5
3383
45
25
8

50
215

=
i Ne)

=
COHUVIOHUIOON OO K

4.2

40.
12.
.97
.51
.10
.55
46
.69
.ob
LA4s

.80
.58
.85

(.
AAHJWU O

HWOoOWWOoOON O+

n
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290
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Table 7 (Continued)

MM25h Hb MM25p Hb MM 30 Hb MM 31 Hb MM 32 Hb MM 33 Hb

S100% 4y 4 42.9 Ly 4 46.0 48.6 48.8
A1203 11.7 12.5 9.6 9.7 7.9 5.8
Ti02 0.93 0.87 0.38 0.63 0.55 0.48
Fep03 4,39 4,32 6.75 4.68 4.o4 7.31
FeO 14.21 14.97 12.98 11.68 10.43 8.22
Cca0 11.96 11.87 11.97 11.97 11.54 12.18
MgO 7.95 8.20 8.95 10.58 11.08 11.93
Nao0 1.43 1.43 1.62 1.70 1.82 1.51
K00 0.723 0.675 0.513 0.439 0.301 1.02
MnO 0.284 0.282 0.873 0.632 0.882 0.799
Al % 6.18 6.64 5.10 5.15 4.21 3.08
Ti 0.56 0.52 0.23 0.38 0.33 0.29
Fe+3 3.07 3.02 4,72 3.27 3.45 5.11
" Fe . . . . .1 .
Fe*2 11.06 11.65 10.10 9.09 8.12 6.39
Ca 8.55 8.48 8.55 8.55 8.25 8.70
Mg 4.80 4.95 5.40 6.38 6.68 7.20
Na 1.06 1.06 1.20 1.26 1.35 1.12
K 0.600 0.560 0.425 0.365 0.250 0.850
Mn 0.220 0.218 0.575 0.489 0.682 0.618
Co ppm 60 70 55 ' 55 50 50
Cr 225 135 15 28 23 10
Cu 18 30 10 9 7 8
Li 7.5 9 11.5 12 10 10
Mn 2197 2176 6750 4885 6820 6180
Ni 65 90 60 60 50 45
-Pb 35 30 30 35 25 20
Rb 8 8- 8 8 8 ' 8
Sr 60 42 58 50 22 32

Zn 230 230 480 4o 475
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Table 7 (Continued)

MM 35 Hb MM 36 Hb MM 39 Hb MM 46 Hb MM 47 Hb MM 49 Hb

310 % 47.7 47.1 47.2 43.0 42,8 43.6
S 7.2 7 9 8.3 o 12.7 13.¢6 10.9
0.53 0.47 0.82 7 0.63 1.42 1.37
Fe203 5.85 5.39 5.60 4.88 3.36 6.0
FeO 9.43 9.87 8.55 14.38 13.30 11.06
Ca0 12.18 12.49 11.96 11.66 ~10.71 = 12.18
MgO 11.90 11.68 "12.17 8.34 9.20 9.70
NaoO 1.46 1.49 1.62 1.58 1.50 1.82
Ko0 1.05 0.952 1.07 0.543 0.18 0.75
MnO 0.679 0.705 0.705 0.314 0.193 0.655
Al & 3.80 4,20 4.37 6.70 7.20 5.75
Ti 0.32 0.28 0.49 0.38 0.85 0.82
Fet3 4.09 3.77 3.91 3.5 2.35 4.20
Fe+2 7.33 7.68 6.65 11.49 10.35 8.60
ca 8.70 8.92 8.55 8.33 7.65 8.70
Mg 7.18 7.05 7.35 5.03 5.55 5.85
Na 1.08 1.10 1.20 1.17 1.11 1.35
K 0.870 0.790 0.88 0.450 0.150 0.620
Mn 0.526 0.545 0.545 0.243 0.150 0.507
Co ppm 50 50 50 70 70 50
Cr 80 83 81 70 77 T 22
Cu 23 17 12 10 25 6
Li 10 10 10.5 12 21 115
Mn 5260 5446 5447 2430 1498 5070
Ni 95 95 60. 90 100 60
Pb 15 20 20 25 5 25
Rb 8 8 8 8 8 8
Sr 66 60 62 36 28 58

Zn 415 380 395 175 150 380
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Table 7 (Continued)

MM 50 Hb MM 55 Hb MM 58 Hb

MM 59 Hb MM 60 Hb MM 61 Hb

Si02% 47.8 45,7 48.5
A1503 14,2 i2.1 6.7
T102 0.78 1.22 1.25
Feo03 2.62 5.10 6.07
FeO 11.53 10.90 7.93
Ca0 9.56 11.04 12.60
MgO G.70 9.80 12.43
Na20 1.49 1.56 1.36
K20 0.16 0.18 0.87
MnO 0.192 0.414 0.338
Al % 7.5 6.4 3.6
Ti 0.47 0.73 0.75
Fe+3 1.83 3.57 4,25
Fet2 8.97 8.18 6.17
Ca 6.83 7.88 9.00
Mg 5.85 5.92 7.50
Na 1.10 1.16 1.01
K 0.135 0.159 0.720
Mn 0.148 0.320 0.261
Co ppm 60 65 30
Cr 86 145 320
Cu 12 20 5
Li 7 29 10
Mn 1275 3200 2608
Ni 90 90 175
Pb 10 10 25
Rb 8 8 8
Sr 56 44 30

. Zn 130 120 95
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Table 7 (Continued)

MM 23 Pc¢ MM 3a Pc MM 4a Pc MM ba Pc MM 20 Pe

Si0-% €1.5 68.4 63.0 64.1 59.3
A1283 24.6 19.3 23.0 22.3 23.4
Ti0o 0.17 0.05 nd 0.08 0.13
Fe,03 0.147 0.134 0.184 0.149 0.130
Fe nd 0.001 0.001 nd nd
Ca0 4,53 4.53 5.10 4.17 8.95
MgO 0.061 0.091 0.080 0.091 0.080
NapO 8.35 6.46 7.71 8.51 6.94
K20 0.59 0.96 0.85 0.55 0.83
MnO 0.038 0.070 0.84 0.040 0.207
Al % 13.0 10.2 12.2 11.8 12.4
Ti 0.10 9.03 nd 0.05 0.08
Fe+3 0.103 0.094 0.129 0.104 0.091
Fet2 nd 0.001 0.001 nd nd
Ca 3.24 3.24 3.64 2.98 6.40
Mg 0.0366 0.0562 0.0483 0.0550 0.0483
Na 6.20 4.79 5.72 6.31 5.14
K 0.490 0.780 0.710 0.458 0.690
Mn 0.029 0.054 0.065 0.031 0.160
Co ppm 4o 30 35 40 40
Cr 2 2 2 2 3
Cu 5 5 6 6 7
Li 1.5 3 3 3 2.5
Mn 291 543 653 313 1600
N1 50 30 35 30 35
Pb 10 5 5 35 10
Rb 8 22 8 8 15
Sr 780 870 1030 770 950

Zn 9 8 9 10 7
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Table 7 (Continued)

MM 23 Pc MM25p Pc MM 31 Pc MM 32 Pc MM 33 Pc

S10-% 60.6 60.8 64.1 59.7 61.7
A1253 23.2 24.0 22,5 24.6 22.3
T102 0.33 0.08 0.08 0.08 0.25
Fep03 0.114 0.186 0.123 0.176 0.147
FeO nd nd nd nd nd
a0 7.00 6.65 4,98 7.55 7.00
MgO 0.041 - 0.087 0.052 0.124 0.069
Na~0 7.93 6.57 7.75 6.08 7.90
Kg% 0.74 1.56 0.344 1.60 0.574
MnO 0.062 0.078 0.036 0.092 0.061
Al % 12.3 12.7 11.9 13.0 11.8
T 0.20 0.05 0.05 0.05 0.15
Fet3 0.080 0.130 0.086 0.123 0.103
Fe+2 nd nd nd nd . nd
Ca 5.00 4,75 3.56 5.40 5.00
Mg 0.0248 0.0523 0.0314 0.0746 0.0419
Na 5.88 L 87 5.75 4.51 5.85
'K 0.610 1.298 0.285 1.324 0.475
Mn 0.048 0.060 0.028 0.071 0.047
Co ppm 40 40 40 40 Lo
Cr 4 2 L 5 5
Cu 7 14 8 14 6
Li 2.3 3.5 2.3 3.5 2
Mn 45 601 275 711 466
Ni 35 30 25 - 35 45
Pb 10 35 25 25 15
‘Rb 15 55 8 55 8

Sr 950 1100 940 750
Zn 8 7 2 8 °



Table 7 (Continued)

-107-

~ Na

MM 36 Pc MM 39 Pc MM 46 Pc MM 47 Pc MM 49 Pc MM 50 Pec
S102% 60.2 60.9 61.6 48.8 60.7 55.8
A1503 22.7 21.7 19.3 24.6 23.1 24.6 .
T105 0.22 0.13 0.08 0.08 0.28 0.12
Fep03 0.167 0.127 0.157 0.106 0.127 0.109
FeO 0.003 0.000 nd nd nd nd
Ca0 8.05 8.61 12.60 9.31 7.87 14,28
MgO 0.124 0.104 0.065 0.063 0.076 0.059
Naos0 6.96 7.37 5.56 16.68 7.13 4.45
K20 1.46 0.915 0.585 0.289 0.603 0.542
MnO 0.153 0.115 0.089 0.028 0.080 0.062
Al & 12.0 11.5 10.2 13.0 12.2 13.0
T 0.13 0.08 0.05 0.05 0.17 0.07
Fe+3 0.119 0.089 C.110 0.074 0.089 0.076
Fet2 0.002 0.000 nd nd nd nd
Ca 5.75 6.15 9.00 6.65 5.62 10.20
Mg 0.075 0.063 0.039 0.038 0.046 0.035

5.16 5.47 4.13 12.38 5.29 3.30

K 1.21 0.760 0.485 0.240 0.50C 0.450
Mn 0.118 0.089 0.069 0.022 0.062 0.048
Co ppm 30 30 25 25 35 40
Cr 7 7 6 4 4 10
Cu 7 6 9 7 6 7
Li 4 2 1. 2.1 2.8 3.5
Mn 1180 889 685 215 624 475
Ni 30 30 30 - 35 4o 35
Pb 5 10 15 5 25 10
Rb 30 15 15 8 15 14
Sr 950 1210 890 630 950 520
Zn 12 9 8 7 13 10
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Table 7 (Continued)

MM 51 Pc MM 58 Pc¢ MM 59 Pc MM 60 Pc MM 61 Pc
S10o% 60.2 60.3 64.5 58.0 59.3
Al503 24.8 21.9 21.7 23.2 23.0
Ti0p 0.08 0.42 | 0.08 0.07 0.05
Fep03 0.262 0.159 0.124 0.163 0.136
FeO nd 0.006 nd nd nd
Ca0 5.60 8.25 4.61 12.45 11.75
MgO 0.352. 0.141 0.054 0.076 0.067
Na~0 2.82 7.15 8.48 5.46 5.02
Kgg 5.88 1.57 0.422 0.512 0.662
MnO 0.230 0.146 0.048 0.056 0.054
Al % 13.1 11.4 11.5 12.3 12.2
T4 0.05 0.25 0.05 0.04 0.03
Fet*3 0.123 0.115 0.087 0.11lL 0.095
Fe+2 nd 0.004 nd nd nd .
Ca 4.00 5.90 3.29 8.90 8.40
Mg 0.221 0.085 0.033 0.046 0.041
Na 2.09 5.30 6.29 4.05 3.72
K 4.88 1.30 0.350 0.425 0.549
Mn 0.179 0.113 0.037 0.043 0.042
Co ppm 45 - 35 35 35 35
Cr 2 -5 2 2 6
Cu 7 8 5 9 8
Li 34 2 nd 3 4
Mn 1788 1130 364 429 4oy
Ni -~ 35 35 30 40 25
Pb 10 10 20 30 30
Rb 300 35 8 nd 13
Sr 380 580 680 610 580
Zn i3 7 11 9
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MM 3a EP MM 4a EP MM 30 Ep MM 35 Ep MM 36 EP MM 39 Ep
S102% 59.5 57.5 58.8 58.5 47.8 63.2
Alp03  16.3 17.4 16.4 16.4 16.6 11.3
Ti0o 0.08 0.03 0.13 0.03 0.03 0.12
Fep03 7.91 7.68 7.19 7.64 7.75 8.03
FeO 0.41 0.22 0.41 0.35 0.26 0.32
Ca0 13.30 14.70 14.57 14.57 25.08 14.57
MgO 0.103 0.099 0.093 0.087 0.143 0.112
Nao0 0.019 0.001 0.031 0.050 0.023 0.014
Ko0O — 0.028 0.017 0.023 0.038 0.031 0.015
MnO. 0.317 0.371 0.353 0.304 0.326 0.291
Al % 8.6 9.2 8.7 8.7 8.8 6.0
T 0.05 0.02 0.08 0.02 0.02 0.07
Fe+3 5.53 5.37 5.03 5.34 5.42 5.61
Fe+2 0.32 0.17 0.32 0.27 0.20 0.25
Ca 9.50 10.50 1C.40 10.40 17.90 10.40
Mg 0.062 0.060 0.056 0.053 0.086 0.068
Na 0.014 0.00S 0.023 0.037 0.017 0.010
K 0.024 0.014 0.019 0.031 0.026 0.013
Mn 0.245 0.287 0.273 0.235 0.252 0.225
Co ppm 30 40 40 35 30 35
Cr 34 34 38 170 125 90
Cu 56 12 10 17 29 16
Li 1.3 0.5 0.3 1 0.5 0.5
Mn 2452 2870 2728 2347 2520 2253
N1 65 50 45 45 55 75
Pb 45 45 50 55 60 60
Rb 8 8 8 8 8 8
Sr 1210 1150 1220 1010 890 1070
zZn 16 21 16 19 12 16
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MM 58 Ep MM 50 At MM 51 At MM 47 G MM 60 G
S10o% 48.9 48.6 47.7 35.7 36.6
A1503 13.6 11.3 13.0 22.7 22.7
Ti0o 0.12 0.13 0.10 0.47 0.42
Fe203 8.25 0.50 2.92 11.46 0.29
FeO 0.32 19.47 .15.60 18.61 28.45
Ca0 26.50 0.32 1.23 4,02 3.78
MegO 0.199 16.20 15.80 5.22 5.60
Nao0 0.007 1.02 1.28 0.010 0.010
K20 0.005 0.029 0.064 0.003 0.003
MnO 0.144 0.414 0.362 1.847 2.122
Al % 7.2 6.0 6.9 12.0 12.0
T 0.07 0.08 0.06 0.28 0.25
Fe+3 5.76 0.35 2.04 8.02 0.20
Fet2 0.25 15.13 12.11 14.48 22.10
Ca 18.90 0.23 0.88 2.87 2.70
Mg 0.120 9.75 9.53 3.15 3.38
Na 0.005 0.760 0.950 0.007 0.008
K 0.004 0.024 0.053 0.003 0.003
Mn 0.111 0.320 0.280 1.428, 1.641
Ba ppm nd nd nd nd nd
Co 30 60 55 90 90
Cr 760 80 100 75 60
Cu 75~ 5 4 17 13
Li 0.6 122 130 3 3
Mn 1108 3200 2795 14280 16410
Ni 75 ole} 115 60 85
Pb 45 45 30 35 35
Rb 8 8 8 8 8
Sr 640 nd nd nd nd
Zn 9 210 190 37 35
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Table 8

Distribution of Aluminum between the Octahedral and

Tetrahedral Sites of the Micas
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GEOCHRONOLOGICAL CONSIDERATIONS

Age determinations were made on three mineral separates
from the Mica Mlne area by means of the potassium-argbn pro-
cedure. Exact sample localities may be noted in Figure 2.

The samples were crushed and the mineral separates (MM 10
Bi, MM 10Ms, MM 45Bi) prepared by the method described in the
sample preparation section of the Appendix. Grain size was
minus-48 and plus-74 mesh. Potassium was determined by ab-
sorption flame photometry.

Argon was determined by means of a stainless steel Nier
type mass spectrometer designed by Dr. M.B. Ward and Dr. A.C.
Daughtry and built for the Humble Research Laboratory in
Houston, Texas. A spike of Ar38 was used and the Bern 4M
muscovite (age = 19.0 m.y.) was employed as a standard. Final
age determinations were calculated by an IBM 1620 data pro-

cessing unit with consideration of the follcwing inputs:

Sample wt.-gms. % K % Anao Age-u.y.

radlogenic
MM 10 Ms 0.033% 852 98 395
MM 45 Bi 0.0642. 7.31 86 978
MM 10 Bi 0.0376 7.80 96 989
MM 10 Bi 0.0556 7.80 98 982
MM 10 Bi 0.0632 7.80 96 983
MM 10 Bi 0.0610 7.80 - 99 958
MM 10 Bi 0.0264 7.80 59 1037
TL of K*0 = 1.32 x 109 yrs.

The flve samples of MM 1C Bi were run as an estimate of
méss spectrometric precision and all agree quite closely with
the possible exception of the last (1037 m.y.). It is noted
thét'only 59% of the Aruo is radiogénic in the last case versus
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96 to 99% for the first four runs. In éhis respect the first
four ages for MM 10 Bi average 978220 m.y. which is in quite
close agreement with the data for the other two mineral
separates.

Zartman (1965), in a report on Rb-Sr age determinations
on the Valley Soring Gneiss of Llano, Texas, the other pre-
Cambrlan occurrence in the state, reports ages of mineral
separates (plagioclase, microcline, muscovite, biotite) as
100015 m.y., a figure in accord with the above data.

Future age dates from the Van Horn region would prove
interesting in that more detailed relationships among the
pegmatitic and dioritic intrusions, the faulting, and the

various types of metamorphism would emerge.



