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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).



—6-
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.



-13-
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



00

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






