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THE JOURNAL OF GEOLOGY

March 1964

MINERALOGY OF AMPHIBOLITE INTERLAYERS IN THE
GNEISS COMPLEX, NORTHWEST ADIRONDACK
MOUNTAINS, NEW YORK!

A. E. J. ENGEL,? CELESTE G. ENGEL,? AND R. G. HAVENS*

ABSTRACT

The progressive metamorphism of amphibolite interlayers in the Adirondack gneiss complex is reflected
in the complete transition between the following mineral assemblages: (1) green hornblende-andesine-quartz-
ilmenite, stable at an estimated 525° C. at Emeryville, New York, and (2) brown hornblende-labradorite-
clinopyroxene-orthopyroxene-ilmenite, stable at approximately 625° C. at Colton, New York.

The hornblende in the Emeryville assemblage 1s bluish-green, and averages about 70 volume per cent
of the amphibolite rock. With increasing grade of metamorphism, the color, density, and composition of the
hornblende changes toward a hydroxyl-deficient, brownish-green, denser variety, relatively enriched in Ti,
Na, K, F, Cr, V, Sc, Co, and Ni, and depleted in Mn, Zn, and OH. Both Fe,0;/FeO, and Fe/Mg decrease
with increasing grade of metamorphism.

The coexisting plagioclase increases in An content from Anss to Ang with increasing grade of meta-
morphism. This compositional change is accompanied by an increase in grain size, and abundance, but the
orthoclase molecule in the plagioclase decreases slightly with rising temperatures and pressures of crys-
tallization.

Ilmenite constitutes 75-95 per cent of the opaque mineral constituent in the amphibolites, ranges up to
9 volume per cent, and averages approximately 2 per cent at both Emeryville and Colton. Analyses of two
ilmenites from Emeryville and two from Colton indicate little variation in composition from (in weight per
cent) TiO; 52, total Fe (as FeO) 44.5, MgO 1.2, and MnO 1.4.

A pale-green clinopyroxene first appears in the amphibolites formed at an estimated temperature of
550° C. At Colton clinopyroxene composes from 15 to 52 per cent of the rock, averaging about 20 per cent.
Orthopyroxene first appears in the Russell area where temperatures of metamorphism are estimated at
575° C. At Colton orthopyroxene averages about 15 per cent of the rock but constitutes over 30 per cent
of a few “amphibolites.” The distribution coeflicients of Mg/(Mg -+ Fe'™) in coexisting pyroxene pairs at
Colton are about 0.52, similar to those of pyroxene pairs found in mafic granulites in India, Africa, Scan-
dinavia, and Great Britain. This partitioning of Fe and Mg, along with Ca, is distinctive for metamorphic
pyroxenes, and may be employed as both a geologic thermometer and to distinguish metamorphic from
igneous mineral assemblages.

The gross distribution patterns of elements between the coexisting minerals of the Colton assemblages
reflect (1) the concentration of Al, K, Na, Ba, Ga, Sr, and Pb in the plagioclase and hornblende relative to
the pyroxenes, and (2) the greater variety, and complex substitutions of the common ions in hornblende and
Ca-rich pyroxene compared to the Ca-poor pyroxene and plagioclase.

In any one area in the belt of progressive metamorphism, the partitioning of specific elements and their
distribution coefficients are remarkably uniform. This is indicative of essential equilibrium between the
coexisting phases.

The sequence of chemical changes within the associated minerals in the amphibolites metamorphosed
between Emeryville and Colton appears to be typical of those in basic rocks reconstituted in the deeply erod-
ed parts of continental crusts, under P-T conditions that have induced partial melting in the enveloping,
more felsic, paragneiss.

INTRODUCTION ! Manuscript received June 18, 1962; revised
. . T manuscript received October 18, 1962.
The mineral assemblage in amphibolites % University of California, La Jolla, California.

of the Adirondack gneiss-amphibolite com- 3 U.S. Geological Survey, La Jolla, California.
plex changes systematically in response to 4 U.S. Geological Survey, Denver, Colorado.
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increasing grade of metamorphism from
green hornblende—calcic andesine-quartz-
ilmenite to clinopyroxene-orthopyroxene—
brown hornblende-sodic labradorite and
ilmenite. The assemblage hornblende-an-
desine-quartz-ilmenite reflects the reconsti-
tution of a basalt-like system at some
525° C., near Emeryville, New York (fig.
1; see Engel and Engel, 1958, p. 1382-1387).
Hereafter this assemblage is referred to as
the Emeryville assemblage. Its average
mineral composition, in layers devoid of
retrograde effects and granitic interpenetra-
tions is (in volume per cent): hornblende 69,
andesine 19, quartz 9, and ilmenite 2. The
rock is a typical amphibolite, medium
grained, faintly to distinctly foliated, with
the chemical composition of a saturated
basalt (table 1 and fig. 2).

Northeastward along the strike these
amphibolites are reconstituted at progres-
sively higher T and P, with related, syste-
matic changes in composition. At Colton,
New York, at the perimeter of the central
Adirondack massif, the measured tempera-
tures of metamorphism are ~625° C. (Engel
and Engel, 1958, 1960a, 19605). The average
mineral composition has changed progres-
sively to (volume per cent) plagioclase 36,
hornblende 31, clinopyroxene 19, orthopy-
roxene 11, and ilmenite 2. The chemical
composition of the total rock also has
changed progressively to that of an olivine
basalt (fig. 2 and table 1). At Emeryville
the mineral assemblage is typical of the
almandine-amphibolite facies; at Colton the
assemblage is characteristic of the horn-
blende-granulite facies. Locally at Colton
the volume of hornblende decreases to 5 per
cent, and the resulting two pyroxene-labra-
dorite rock is a typical mafic granulite.

These compositional changes in the rock
between Emeryville and Colton reflect, and
are probably induced by, the regional meta-
morphism. With increasing grade of meta-
morphism the rock system is depleted in
H,0, K,0, and in the ratio Fettt/Fett.
Consequently CaO and MgO increase, and
the ratio K/Ca decreases from 1.3 at Emery-
ville to 0.4 at Colton. These changes are

A. E. J. ENGEL, CELESTE G. ENGEL, AND R. G. HAVENS

discussed in conjunction with the field oc-
currence, lithologic features, and origin of
the amphibolites in a separate, complemen-
tary publication (Engel and Engel, 1962a).
In the following discussion emphasis is
placed upon the properties of the coexisting
minerals and distribution of elements be-
tween them.

MINERALOGY

The interrelationships of the two con-
trasting mineral assemblages and rock com-
positions at Emeryville and Colton are
shown graphically in the ternary plot Ca,
Mg + Fe, Al (fig. 3). The data shown in figure
3 are derived from two specific rocks, one
from the Emeryville area, the other from
Colton. These are amphibolites representa-
tive of the apical stages in regional meta-
morphism in their respective areas. No
marked variations from these individual
rock and mineral compositions appear in the
amphibolite at either of the contrasted
areas, except, of course, those induced by
emplacement of granite and by spotty retro-
grade metamorphism.

The three minerals common to both as-
semblages are hornblende, plagioclase, and
ilmenite. At Colton, however, hornblende
is largely replaced by coexisting pyroxenes,
one calcium-rich (clinopyroxene), the other
calcium-poor (orthopyroxene). The proper-
ties of all five of these minerals are noted in
the following discussion.

HORNBLENDE

The detailed petrochemistry of the horn-
blendes has been published separately
(Engel and Engel, 1961, 19625) and only
their salient features are reviewed herein.
The amphibole at Emeryville is a bluish-
green calciferous (common) hornblende av-
eraging about 70 volume per cent of the
rock (tables 1 and 2). Toward Colton, with
increasing grade of metamorphism, the
amount of hornblende decreases as first
clinopyroxene, and then orthopyroxene, be-
come stable, coexisting phases (fig. 2). Color,
density, and composition of the hornblende
change toward the typical hydroxyl-defi-
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TABLE 1

AVERAGE MINERAL AND CHEMICAL COMPOSITION OF AMPHIBOLITE ROCKS
LEAST MODIFIED BY GRANITIC EMPLACEMENT AND RETROGRADE
ALTERATION AT EMERYVILLE AND COLTON, NEW YORK

EMERYVILLE AREA CoLTON AREA
(7 SAMPLES) (9 SAMPLES)
Mean Mean
Mean Deviation Mean Deviation
Modes, Volume Per Cent
Quartz................... 8.6 4.8 0.1 0.02
Plagioclase................ 18.5 4.5 35.6 4.6
Hornblende............... 68.6 3.3 31.3 11.0
Clinopyroxene. . .......... 0.9 0.8 19.2 6.0*
Orthopyroxene. ...........{v oo 11.3 |
Opaque minerals. . ........ 2.1 1.1 2.0 0.7
Biotite................... 0.6 0.3 0.2 0.1
Sphene................... 0.4 0.2 o
Otherst.................. 0.3 0.2 0.3 0.2
Chemical Analyses

SiOg. oo 48.20 1.43 47.89 0.91
TiOz. ..o 1.89 0.39 1.56 0.17
ALOz. ..o 14.45 0.81 14.63 0.35
FedOso oot 3.50 0.45 1.85 0.58
FeO..................... 10.53 0.73 11.20 0.84
MnO 0.25 0.02 0.25 0.02
MgO 6.62 0.41 7.41 0.24
CaO 10.25 0.71 11.54 0.48
Na.O 1.94 0.45 2.19 0.14

20 0.96 0.08 0.58 0.12
H.O* 1.31 0.06 0.72 0.19
H.0~ 0.01 0.01 0.03 0.02
205 0.18 0.03 0.14 0.03
Total Fe as Fe,0; 15.22 1.22 14.29 1.05

Trace Elements (P.p.m.)

B <200 ool <200 el
Ba.......... ... 100 22 72 22
Covvnn 44 1 45 3
Crooovnii i 201 61 353 7
Cuoooovv i 73 19 61 43
Ga....oooovvi 14 2 13 |l
La........oooo o oL <50 ...l <80 ..l
Mo...................... <10 ... <10 .
Nioi 61 4 60 9
g o 8 3 7 3
Scoi i 56 2 57 4
Sro 226 36 164 19
Vo 344 49 318 24
Yoo 59 13 45 2
nf. .o 155 23 151 30
Y/ 145 33 104 14

* Mean deviation of total pyroxene content in rock.
t Chiefly apatite, chlorite, calcite, sericite, and zircon.

1 Colorimetric analyses, analyst H. L. Nieman. All other trace-element analyses are quantitative spec-
trographic analyses; analysts, Nancy M. Conklin and R. G. Havens.
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TABLE 1—Continued

EMERYVILLE AREA CoLTON AREA
(7 SAMPLES) (9 SAMPLES)
Mean Mean
Mean Deviation Mean Deviation
Norms
Quartz. . ................. 0.38 |
Orthoclase................ 567 | ..., 345 ...
Albite....... .. ... ... ... 16.40 ... ....... 18.03 |...........
Anorthite................. 27.88 ... 28,36 |...........
Diopside. . ............... 17.87 | 23.03 ...
Hypersthene.............. 21.38 ... 8.54 ...,
Olivine........ .. ... ...\ .. . .. .. 0. ... 11.29 ... ..
Tlmenite.................. 3.65 |........... 3.010 |
Magnetite. . .............. 508 ... 269 |l
Apatite. ........ .. ... ... 044 ... 0.34 |...........
o
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F16. 2.—Generalized curves indicating the typical progressive changes in minerals and major element
compositions of amphibolite rocks between Emeryville and Colton, New York.
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cient, brownish, and denser hornblende
characteristic of the granulite facies (table
3; see also Engel and Engel, 1961, 19625).
Compositionally the changes in hornblende
include an increase in Ti, Na, K, F, Cr, V,
Sc, Co, and Ni. Decreases occur in the con-
centrations of Mn, Zn, and OH 4 F 4 Cl as
well as the ratios Fe,O3/FeO and Fe/Mg.

Al

\

Ca

A. E. J. ENGEL, CELESTE G.

AC 104 AN
total rock

\Colton)
/

ENGEL, AND R. G. HAVENS

and density. It is clear that only slight to
moderate changes in physical and chemical
properties of hornblendes are induced by the
recorded, progressive changes in physical
conditions of metamorphism and in the
changes in associated mineralogical and
chemical composition of the total rock sys-
tem.

AE 415 total rock
(Emeryville)

N, AE 415
Hibde
AC 104

Hibde

F16. 3.—Ternary diagram illustrating the variations in total Ca, Mg*Fe, and Al in typical amphibolite
rocks and their constituent minerals from the Emeryville and Colton areas, New York.

The increase in amounts of Co, Cr, Ni, Sc,
and V with increasing Mg/Fe in the horn-
blende are graphed in figure 4. A comple-
mentary decrease occurs in Mn. Total Si,
Ca, and Al in the hornblendes remain es-
sentially constant throughout the probable
difference in temperature of metamorphism
of 100° C. or more (Engel and Engel, 1958, p.
1382-1387).Indexes of refraction of the horn-
blendes also remain nearly constant despite
the recorded changes in color, composition,

PLAGIOCLASE

The amount, size, and average anorthite
content of plagioclase in the amphibolites
increase with increasing grade of metamor-
phism. In the Emeryville assemblage, the
mean composition of the plagioclase is near
An;, and it averages about 19 per cent of
the rock, by volume. At Colton the amount
of plagioclase is almost doubled and the
average composition is about Ang. This
increase in An content is probably due in



TABLE 2

AVERAGE CHEMICAL COMPOSITION, STRUCTURAL FORMULAS, INDEX OF REFRACTION,
DENSITY, AND COLOR OF HORNBLENDES* FROM LEAST-ALTERED AMPHIBOLITE
ROCKS IN EMERYVILLE AND COLTON AREAS, NEW YORK{}

EMERYVILLE AREA CoLTON AREA EMERYVILLE AREA CoLTON AREA
(7 SAMPLES) (10 SAMPLES) (7 SAMPLES) (10 SAMPLES)
Mean Dg?:tnion Mean Dxi?trilon Mean Total Mean Total
SiOp. ..., .. 42 .46 0.54 42.17 0.34 Structural Formulasll
TiOz......... 1.32 .05 2.39 .15
AlO;...... .. 12.53 .51 12.22 .33
FeOj........ 4.94 .22 3.28 .48 K....... 0.194 0.269
FeO......... 13.71 .43 14.42 .48 (W){Na...... 0.380}; | 2.44 | 0.439; | 2.56
MnO........ 0.31 .01 0.17 .01 Ca...... 1.864 1.850
MgO........ 9.04 .59 9.42 17
CaO......... 11.64 17 11.46 .06 Mg...... 2.015 2.114
NaO........ 1.32 .05 1.51 .08 (X){Fett. . ... 1.715¢ | 3.77 | 1.816¢ | 3.95
KO......... 1.02 .08 1.41 .14 Mn...... 0.038 0.021
H,O*........ 1.83 .03 1.50 .08
POs......... 0.05 .02 0.06 .02 Al 0.578) 0.534
Fooo...... ... 0.11} .04 0.17§ .02 (V){Fettt .. .| 0.555 1.28 { 0.371 1.18
Cl.......... 0.03% .00 0.03§ .01 Ti....... 0.147 0.270
TotalO Fe as . P 3 [ .
FexOs...... 20.1 0 19.30 .40 Si....... 6.354 6.363
Fe:03/FeO 0.36| 0.015| 023 o003 | @Al 1.646f | 8-90 1.637} 8.00
OH.. 1.832 1.506
Trace Elements (P.p.m.) F....... 0.051 1.89 | 0.080 1.59
Cl....... 0.006 0.006
X+Y 5.05 5.13
Ba.......... 86 32 106 40
Co.......... 47 3 60 2
Cr........... 249 95 737 116 Density
Cu.......... 17 6 7 4
Ga.......... 18 2 19 2
Ni........... 57 11 76 13 3.260 3.278
Pb........... 6 1 7 3
Sc........... 77 2 109 10
Sr......... .. 46 12 42 12 Index of Refraction
Voo 527 66 811 81
Yoo 72 22 118 22
Yb.......... 9 2 13 ... Neooooo. 1.668 1.670
In........... 216 32 163 21 N,oo.... 1.689 1.692
Zr........... 97 26 75 8
Pleochroism
D, U Yellow-green | Light brown-
ish green
Y....... Green Yellow-brown
Z.o...... Blue-green Brownish-green

* Analyses of hornblendes from the amphibolite rocks summarized in table 1.

t Mean deviations of the various oxides and elements are listed alongside the chemical analyses. Trace-element analyses are
quantitative spectrographic analyses by R. G. Havens, except that the values for Pb and Zn were determined colorimetrically by

H. L. Nieman.

1 Mean derived from 4 determinations.
§ Mean derived from 7 determinations.

|| The structural type is taken as Wa-3 (XY)s (Z4On)2 (OH, F, Cl)2.
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some part to the increased temperature of
metamorphism, but also probably reflects
to some degree the increase in Ca in the
total rock.

A. E. J. ENGEL, CELESTE G. ENGEL, AND R. G. HAVENS

Chemical analyses of plagioclase feld-
spars from amphibolites at Emeryville and
at Colton are given in table 4. Determina-
tions of alkalis and trace elements were

Hornblendes
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F1G. 4.—Variations in the amounts of Co, Cr, Ni, Sc, and V related to increasing Mg/Fe in hornblendes

between Emeryville and Colton, New York.

TABLE 4

CHEMICAL ANALYSES OF PLAGIOCLASE FELD-
SPARS FROM AMPHIBOLITES AT EMERY-
VILLE AND COLTON, NEW YORK*

EMERYVILLE CoLTON AREA
ARrEA

AE 415 AC 362 A 104

SiOg..... oot 55.38 54.01 53.35
TiOg. .o vvvn. 0.02 0.01 0.01
AlO;3.......... 28.49 29.21 29.42
FeyOs.......... 0.19 0.40 0.36
MgO.......... 0.03 0.02 0.06
CaO.......... 10.04 11.55 11.99
NagO.......... 5.55 4.63 4.57
20 0.34 0.18 0.20
Total........ 100.04 100.01 99.96

* Analyst: C. G. Engel.

made on additional plagioclases, seven from
the amphibolites at Emeryville, and seven
from the rocks at Colton. These analyses
are grouped in table 5. The analyses of
plagioclases at Emeryville are complicated
by the presence as impurities of minor
quartz and traces of sericite. Corrections
have been made for these contaminants in
all tables; but because of the possible errors,
it is unwise to place complete faith in rigor-
ous comparisons of amounts of certain trace
elements, especially K and B, between the
plagioclases of the two localities.

The data suggest that the K content,
and hence the orthoclase molecule, decrease
with an increase in temperature of crystal
growth and in anorthite molecule. Data on
analogous ‘“low-temperature” plagioclases
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from the inclosing paragneiss (Engel and
Engel, 1960a), from the Stillwater complex
(Hess, 1960, table 10), and from diverse
granitic, gneissic, and mafic rocks (Smith,
1960, table 52) also indicate a decrease in
the content of orthoclase molecule with
increasing anorthite content of low-tem-
perature plagioclases. In contrast, however,
analyses obtained by Sen (1959, 1960) on
plagioclases from metamorphic rocks led

A. E. J. ENGEL, CELESTE G. ENGEL, AND R. G. HAVENS

trations of these elements in plagioclases of
analogous rock types, as reported by Sen
(1959, tables 2 and 3; 1960, table 2). The
changes in amounts of trace elements in
plagioclases from the Adirondack amphibo-
lites are small and, with the exception of
Ba, in the opposite direction from those
suggested by Sen. That is, K, Sr, Ti, Mn,
and Zr may decrease slightly with increasing
temperature of metamorphism and anor-

TABLE 6

AVERAGE AMOUNTS OF ALKALIS, CA, T1, AND FE IN PLAGIOCLASES
FROM AMPHIBOLITE ROCKS OF THE EMERYVILLE AND COLTON
AREAS, WYOMING, AND OTHER TERRANES

AMPHIBOLITE FACIES HoRNBLENDE-GRANULITE FACIES

Emeryville* Othert Colton* Othert
CaO....... 10.8 5.34 12.0 5.5
Na,O...... 5.17 6.98 4.72 5.7
KO....... 0.30 0.13 0.18 0.63

Parts per Million

Ba......... 54 29 57 346
Sr......... 506 496 437 916
Ti......... 130 289 72 87
Fe......... 2,100 1,200 2,600 1,200

* Average of 7 samples from each area except K2O at Emeryville. The mean of K20 at Emery-

ville is of 6 samples.

t Average of analyses of 8 plagioclase feldspars from hornblende-andesine-quartz amphibolites
of other terranes, largely Laramie Mountains, Wyoming (Sen, 1960, table 1, samples 6-51-Cl,
6-51-L, 6-50-E, 6-51-94, 6-9-B, 6-70-A, 6-50-K, 7-9-H).

1 Average of analyses of 6 plagioclase feldspars from pyroxene-hornblende-plagioclase-bearing
gneisses (Sen, 1960, table 2, samples R-32, R-75, 5649, 37606, R-175, 5643).

him to conclude that the K, Ba, Sr, Fe, and
Ti contents of plagioclases of the amphibo-
lite and granulite facies increase with in-
creasing temperature of formation and anor-
thite content of the plagioclase. Other analy-
ses of plagioclases, from Indian charnockites
(Howie, 1955, p. 745), and from Appala-
chian amphibolites (Wilcox and Polderva-
art, 1958, p. 1358) indicate higher absolute
amounts of K in plagioclases than we find in
the Adirondack samples. In table 6 we have
compiled average concentrations of CaO,
Na,0, K:0, Ba, Sr, Ti, and Fe from the
plagioclases in the Emeryville and Colton
amphibolites along with the mean concen-

thite molecule. The apparent increase in Fe
is equivocal because of traces of secondary
hematite on and in the plagioclases at
Colton.

Plagioclases from many metamorphic
rocks tend to be altered, clouded with im-
perfections or inclusions, and difficult to
separate from associated, equally coarse-
grained quartz, sericite, and K feldspar. In
view of these difficulties, the errors of analy-
sis, and the probable variations in com-
position and temperature in the various
terranes, the variations in the data are quite
understandable. Probably, however, the
K0 content recorded in the literature for
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many plagioclases is high by a factor of 2,
and reported amounts of Fe, Ti, Sr, and
other trace elements may be in error by at
least 25 per cent.

X-ray studies were undertaken of the
plagioclases in amphibolites of the Emery-
ville and Colton areas to determine the an-
gular separation between the (131) and the
(131) reflections. These values, along with
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tallization; and (2) plagioclases in deep-
seated regionally metamorphosed rocks un-
dergo about the maximum inversion com-
monly observed.

ILMENITE

The principal opaque mineral in the am-
phibolites is ilmenite. It comprises more
than 90 per cent of all opaques except for

200 F

A26(26131-26131)CuK g RADIATION

150

Explanation

Intrusive and
Metamorphic

i
Feldspars
PE - Paragneiss, Emeryville
PC — Paragneiss, Colton
AE - Amphibolite, Emeryville
AC — Amphibolite, Colton

0 20 40

60 80 100

MOLE PERCENT ANORTHITE

F16. 5.—Variations in 20 (131)-26 (131) with composition of plagioclases in the amphibolites and en-
closing paragneiss of the Emeryville and Colton areas, New York. Zonal patterns indicate in a general way
the distribution patterns of plagioclases formed in (1) regional metamorphic and intrusive igneous rocks,
(2) volcanics, and (3) experimental dry-heating experiments (after Smith and Yoder, 1956).

equivalent data for plagioclases from the
enveloping paragneiss, are plotted against
composition in figure 5. This figure also
shows, in a general way, the observed rela-
tionship between metamorphic and plutonic
igneous plagioclases and those formed syn-
thetically and in volcanic environments
(Smith and Yoder, 1956). The data are
consistent with the conclusions that (1) the
degree of inversion of plagioclases toward
some undefined low-temperature state varies
with the physical environment during crys-

secondary veinlets of pyrite (see table 1).
Ilmenite occurs as ameboid blebs and ir-
regular grains intergrown with, and filling
irregular openings between, silicates.
Studies of polished sections and with an
electron probe indicate only scattered, small
amounts of hematite and other coexisting or
exsolved Fe- and Ti-rich oxides, so com-
monly observed with ilmenite (Buddington,
Fahey, and Vlisidis, 1955; Howie, 1955;
Vincent and Phillips, 1954). Magnetite is
rare. Probably much of the magnetite re-
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ported to occur in amphibolites actually
is ilmenite, misidentified in thin-section
studies. The scarcity of magnetite in many
amphibolites seems to be due to the ferro-
phile nature of the constituent hornblende
and to the resulting, highly asymmetrical
partitioning of Fe between it and the co-
existing oxides.

A. E. J. ENGEL, CELESTE G. ENGEL, AND R. G. HAVENS

2). If the Ti of these mafic granulites is
eventually concentrated in ilmenite as sug-
gested by Ramberg (1948), it is only after
hornblende becomes an accessory mineral
or disappears from the assemblage.

Much of the ilmenite in amphibolites at
Emeryville is partly or wholly rimmed by
sphene, presumably formed as a (late ?)

TABLE 7

PARTIAL ANALYSES* OF ILMENITE IN AMPHIBOLITE INTERLAYERS IN THE GNEISS
COMPLEX, EMERYVILLE AND COLTON AREAS, NEW YORK, AND
FROM MAFIC GRANULITE, MADRAS, INDIA (HOWIE, 1955)

EMERYVILLE AREA CoLTON AREA
Mapras, Inpiaf
(2941)
AE 334 AE 326 A 10 AC 342
TiOg.......... 52.02 51.98 52.70 52.61 47.63
FeOf.......... 44.82 44.67 44.36 44.05 48.96
MnO.......... 1.34 1.60 1.12 1.48 0.45
MgO.......... 1.1 1.1 1.3 1.4 0.99
AlO;z.......... N.d. N.d. N.d. N.d. Nil
Fe/Ti......... 1.12 1.11 1.09 1.09 1.33
Trace Elements (P.p.m.)

Covvrnnnnnnnn. 56 61 70 99 100
[ S 62 110 550§ 340 500%
Cu.ovvvnnnnn. 69 34 52 96 N.d.
Ni............ 30 39 58 140 150
SCoviiiiiit, 16 20 44 34 N.d.
Voooooooooot 560 730 1,000§ 780 1,800§
Y/ S 390 320 300 300 300

* Major element analyses by Celeste G. Engel; analyses of trace elements by R. G. Havens.
{ Ilmenite from mafic granulite (‘“norite”) containing plagioclase, hornblende, hypersthene, augite, ilmenite

and magnetite (Howie, 1955, p. 98, table 1, sample 24).
t All Fe calculated as FeO.
§ High values probably due to magnetite impurity.

Amounts of ilmenite vary in different
amphibolites at Emeryville and Colton from
nil up to 9 per cent (by volume). The aver-
age is about 2 per cent ilmenite at both
Emeryville and Colton; but the Ti content
of the total rocks may decrease slightly
between Emeryville and Colton. There is
no clear indication of increased concentra-
tions of ilmenite formed as hornblende (the
major other Ti-bearing mineral) decreases
in volume. This is because, as the horn-
blende content of the rock is halved, its Ti
content is almost doubled (see tables 1 and

metamorphic reaction product. The sphene
disappears with increasing grade of meta-
morphism in the Edwards area. The disap-
pearance of sphene is essentially coincident
with the disappearance of sericite in plagio-
clase, but this may be an accidental rela-
tionship.

Results of partial analyses of ilmenites
from the amphibolites at Emeryville and
Colton are shown in table 7 along with the
analysis of an ilmenite from a layer of py-
roxene-hornblende-plagioclase charnockite
from Madras, India, analyzed by Howie
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(1955). Limitations of sample size prevented
precise determinations of Fe,O; in the Adi-
rondack samples. Total Fe is reported as
FeO. Presumably Fe)O; totals between 3
and 5 weight per cent.

The concentrations of trace elements in
the ilmenites are in certain respects like
those measured in the coexisting horn-
blendes and pyroxenes (cf. tables 2, 7, and
8). For example, amounts of Co and Ni in
the ilmenite, hornblende, clinopyroxene, and
orthopyroxene are essentially the same with-
in the limits of analytical error. The largest
deviations observed are in V and Zr. Both
ilmenite and hornblende contain two or
more times as much V as do the pyroxenes,
and there is over three times as much Zr in
the ilmenites as in the coexisting mafic
silicates.

Except for the above-cited analysis of
ilmenite from charnockite, there are almost
no data on the composition of ilmenites in
amphibolites with which to compare these
analyses. The ratio of Fe/Ti in the Adiron-
dack ilmenites is ~1.1, compared to Fe/Ti
of 1.3 found by Howie for ilmenites in the
charnockites of Madras, India (table 7).

The amounts of trace elements reported
by Howie from the Madras ilmenite are
essentially the same as those found in the
Emeryville and Colton ilmenites. This is
especially true if, as we suspect, the Madras
ilmenites and the ilmenite A 10 from Colton
contain magnetite impurity. Commonly
magnetite contains from 2 to 10 times more
V and Cr than ilmenite.

The magnetic properties of amphibolites,
from the Emeryville-Colton region are in-
duced largely by ilmenite, and are tabulated
and discussed by Balsley and Buddington
(1938, p. 783).

QUARTZ

Most of the quartz is confined to the
pyroxene-poor amphibolites, reconstituted
below ~3575° C. Quartz comprises from 2
to 20 per cent (by volume) of the amphibo-
lites at Emeryville and appears in the norm
of about one-half of the twenty amphibo-
lites that have been analyzed from the
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Emeryville area (Engel and Engel, 1962a).
As clino- and orthopyroxene appear at suc-
cessively higher temperatures of metamor-
phism, the quartz content diminishes to nil,
and the norms of the Colton amphibolites
contain from 3 to 14 per cent olivine (see
fig. 1 and table 1).

Probably the total SiO, content of the
amphibolites also decreases from an average
of about 49 per cent at Emeryville to ap-
proximately 47 per cent at Colton. This
difference is not clear in the forty-two
analyses made by classical techniques that
are summarized in table 1, but emerges
from a study of more than 200 amphibolites
and pyroxene-amphibolites from Emeryville
and Colton, employing both classical and
fluorescent X-ray analyses.

CLINOPYROXENE

The first pyroxene to appear in the
amphibolites with increasing metamorphic
grade is calcium-rich (clinopyroxene). The
threshold temperature at which this Ca-rich
pyroxene forms is about 550° C. (about 5
miles northeast of Emeryville, New York;
see fig. 1; see also Engel and Engel, 1960,
1962a). The appearance of clinopyroxene is
essentially coincident with (1) the disap-
pearance of sphene in the rocks, (2) an
abrupt decrease in quartz, and (3) an in-
crease in amount of An content of the plagio-
clase.

The increase in abundance of clinopyrox-
ene with progressively higher temperatures
of metamorphism is rapid, and at Colton it
constitutes about 20 per cent of the rock,
varying in abundance in separate amphibo-
lites from about 15 to 52 volume per cent.
The Ca-rich pyroxene is typically pale
green in thin section, and lacks visible
pleochroism. There are no obvious exsolu-
tion laminae.

The chemical compositions of six clinopy-
roxenes from amphibolites at Colton are
listed in table 8 alongside the coexisting
Ca-poor orthopyroxene. These clinopyrox-
enes are similar to those from pyroxene-
amphibolites and pyroxene-plagioclase-horn-
blende gneisses in India, Africa, Scandi-
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navia, and Great Britain (Howie, 1955,
1958; O’Hara, 1960), Australia (Wilson,
1960), North America (Norton and Clavan,
1959; and Subramaniam, 1962). The nearly
identical counterpart of the Colton clinopy-
roxene is described by Howie, from a pyrox-
ene amphibolite in the Sudan, which is very
similar in other features to the Colton am-
phibolite (Howie, 1958, table 1).

The range and mean concentrations of
trace elements in the Ca-rich pyroxenes at
Colton are given in table 8. These values for
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not possible to state whether these are due
principally to differences in the several rock
systems, to impurities, or to errors in analy-
ses. The data cited from Howie (1955) are
analyses of trace elements in pyroxenes
from mafic layers associated with charnock-
ites near Madras, India, which are very
like the Colton rocks in composition and,
possibly, in origin. In this instance the con-
centrations of trace elements reported by
Howie (1955) are essentially those found in
the Colton pyroxenes.

TABLE 9

TRACE ELEMENTS REPORTED FOR CLINOPYROXENES IN WIDELY
SEPARATED, BASIC METAMORPHIC ROCKS (P.P.M.)*

Colton Canada India India Others
1) (2) 3) 4) (5)
Ba..... 7 11 L J PO
Co..... 45 12 50 65 24— 40
Cr..... 323 31 300 75 378-3,850
Ga..... 6 10 10 7 2- 6
Mn. 2,300 1,348 1,500 1,900 {...............
Ni..... 55 13 70 50 120- 256
Sc..... 111 9 100 80 33- 98
Sr...... 13 80 10 Tr. 25- 115
V...... 322 31 400 400 150- 231
Y...... 36 9 40 40 Tr— 40
Zr...... 80 38 150 ..., Tr- 105

* Col. (1): average of analyses of 8 clinopyroxenes in amphibolites of the Colton area, Adiron-
dack Mountains (see table 8 for individual analyses); col. (2): weighted average of analyses of
trace elements in clinopyroxenes from metamorphic rocks, largely skarns, in Ontario and Quebec,
Canada (Moxham, 1960, table 6, p. 537); cols. (3) and (4): analyses of trace elements in clino-
pyroxenes nos. 2941 and 4642A from “norite” and “hypersthene diorite,” India (Howie, 1955,
table 11, p. 758); col. (5): rangein amounts of trace elements reported for three clinopyroxenes from
pyroxenites from Greenland, North Carolina, and Maryland (DeVore, 1955, table 13, p. 489).

specific elements are remarkably uniform,
reflecting the uniformities in amounts of
major elements. In table 9 the mean con-
centrations of trace elements from the Col-
ton pyroxenes are compared with mean
values from Ca-rich pyroxenes in pyroxenic
metamorphic rocks of widely divergent ter-
ranes, as reported by Howie (1955), DeVore
(1955), and Moxham (1960). The data re-
ported by Moxham are for trace elements
in clinopyroxenes in skarns in Ontario and
Quebec, Canada. Those reported by DeVore
are from Ca-rich pyroxenes in pyroxenites
from Greenland, North Carolina, and Mary-
land (1955, p. 489). The divergences that
exist in the numbers are very large, but it is

ORTHOPYROXENE

The first appearance of orthopyroxene in
the Adirondack amphibolites is at tempera-
tures of metamorphism of ~575° C., north-
east of Edwards, New York (see fig. 1).
From this point northeast to the perimeter
of the Adirondack massif at Colton, ortho-
pyroxene increases rapidly in abundance in
the amphibolite layers. At Colton, orthopy-
roxene averages some 14 volume per cent of
the amphibolites, but the range in abun-
dance is large. It is absent in a very few
amphibolites and comprises over half of a
few others.

Typical orthopyroxene is pleochroic, pale
green to pale pink in thin section, and devoid
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of lamellae. The intensity of pleochroism
varies considerably between specimens. Mi-
croscopic inclusions appear in a few grains
as rectangular, elliptical, and rod-shaped
bodies aligned along either or both of the
dominant cleavages. These inclusions vary
in color and abundance but rarely constitute
over 0.5 volume per cent of the total pyrox-
ene sample.

The composition of six orthopyroxenes
from typical pyroxene amphibolites near
Colton is given in table 8, alongside the
compositions of the Ca-rich pyroxene. There
is an equally strong similarity in composi-
tion of the Colton orthopyroxenes with Ca-
poor orthopyroxenes in mafic granulites and
pyroxene-amphibolites from Africa (Howie,
1958, table 1), India (Howie, 1955, p. 754—
757; Howie and Subramaniam, 1957, p. 579;
Subramaniam, 1962, table 2, sample Ch
132), Pennsylvania and Delaware (Clavan,
McNabb, and Watson, 1954), and else-
where. The previously cited investigation of
Howie (1955, tables 1 and 2) of a pyroxene-
amphibolite from the Sudan permits the
most exacting comparisons, because of the
completeness of Howie’s data on both rock
and constituent minerals.

DISTRIBUTION OF ELEMENTS
BETWEEN MINERALS

The distribution of elements between the
minerals in metamorphic rocks may be
indicative of the degree to which equilibrium
has been approached, the 7" and P condi-
tions extant during the reconstitution pro-
cess, and the permeability and composition
of the rock system. The measured distribu-
tions for elements like Mg and Fe, expressed
as a distribution coefficient or fitted to
theoretical functions, also suggest the na-
ture of the solid solutions (Ramberg and
DeVore 1951; Kretz, 1959, 1961; Mueller,
1960, 1961; Bartholomé, 1962). The ex-
tended treatment of the subject in recent
years has been stimulating and enlighten-
ing, but is featured by an excessive rework-
ing of both inadequate and inaccurate data.
Most participants now seem to have agreed
that optical constants are not a substitute
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for good chemical analyses, but there is
still too little critical evaluation of field
relations, the composition of the total rock
assemblage, and the quality of the chemical
analyses of minerals, especially the partial
analyses obtained by use of the emission
spectrograph.

The extended recent manipulations of
the analyses of pyroxene originally pub-
lished by Clavan et al. (1954) represent an
example of uncritical use of questionable
data. Seven pairs of pyroxenes from south-
eastern Pennsylvania and Delaware were
analyzed by them. They recognized that
most analyses of minerals are made by
techniques evolved for rocks and not com-
pletely adequate for minerals such as pyrox-
enes—in which there is a most unequal
distribution of oxides, and where MgO plus
total Fe may amount to as much as 50 per
cent of the total oxides. In an attempt to fit
techniques to needs, Clavan et al., in their
studies of the orthopyroxenes, attempted
new analytical procedures (1954, p. 570-
574). Using these new procedures they ob-
tained values for Al;O3 ranging from 0.00 to
0.57 with a mean of 0.10 weight per cent
AlLO;.

The concentration of Al reported for some
of these pyroxenes is probably low by a fac-
tor of 10 or more, and certainly there is some
Al in all of them. When these pyroxene
analyses are calculated to the structural
formula where Z(Si 4+ Al) must total 2.00
they are deficient. This lack of fit of these
analyses with a well-established structural
formula strongly suggests that the analyses
are inferior. This conclusion may be inde-
pendently arrived at from the fact that
other accepted methods of analyses of py-
roxenes from granulite facies rocks yield
>0.5 Al,Os.

In 1959 Norton and Clavan studied
clinopyroxenes from the same rocks that
yielded the orthopyroxenes discussed above.
This composite work produced the pyroxene
pairs so widely cited in subsequent studies.
It is of considerable interest to note that in
the second study, on clinopyroxenes, Clavan
abandoned his own methods of analysis and
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returned to more conventional techniques.
The results are analyses that do fit the
structural formula for pyroxenes.

The distribution of most elements be-
tween the coexisting minerals in the average
amphibolite from Emeryville and Colton,
New York, is given in terms of volume and
density in table 10, A and B. Graphical
representations of specific distributions of
major elements appear in figures 6, 7, 9, and
10. Equilibrium appears to have been closely
approached during metamorphic recrystal-
lization, a fact indicated here by the re-
markably uniform distribution of various
elements within the coexisting phases of
the amphibolites in any one of the extensive-
ly sampled areas.

30~

20
WEGHT L
PERCENT

A. E. J. ENGEL, CELESTE G.

ENGEL, AND R. G. HAVENS

The gross distribution patterns in the
silicates reflect (1) the high concentrations
of Al, Na, K, Ba, Ga, Sr, and Pb in the
plagioclase and hornblende compared to
that found in the pyroxenes, and (2) the
relative abundance and complex substitu-
tions of the common ions in hornblende and
Ca-rich pyroxene as compared with Ca-
poor pyroxene and plagioclase.

The first cited feature is directly related
to the expulsion of Na and K, along with
H0, from the rock as the pyroxenes and
more calcic plagioclase displace hornblende,
andesine, and quartz (Engel and Engel,
1962a). From the regional data on these
rocks, especially in the central Adirondack
massif (Engel and Engel, 1962a¢) we may
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F16. 6.—Amounts in weight per cent of the major constituent oxides in coexisting plagioclase, hornblende,
clinopyroxene, and orthopyroxene from the average amphibolite rock in the gneiss complex, Colton area,

New York.



TABLE 10

PARTITIONING OF ELEMENTS BETWEEN COEXISTING MINERALS IN THE AVERAGE
AMPHIBOLITE ROCK AT EMERYVILLE AND COLTON, NEW YORK

A. PARTITIONING OF ELEMENTS IN MINERALS

SiO2 AlLO Fe20 FeO Ca0 MgO | Na:0 K20 MnO TiO: H-0
Average Rock, Emeryville Area
Quartz........... T70 |
Albite............ 5.02 142 | oo ] 0.86 |......0...o. oo
Anorthite......... 3.76 | 3.19 |......|....... LIS | oo
Hornblende. . ... .. 30.45| 898 |3.54| 9.82| 8.30|6.4810.95]/0.73]0.22]0.95| 1.31
Ilmenite..........|.......|....... 0.04 | 1.001....... 0.03|......0...... 03 11.204......
Other*........... 0.81 | 0.72|......0.......0....... 0.05 | 0.02 A9 [ 0.01
Total (from min-
erals)f.......... 47.74 | 14.31 | 3.58 | 10.82 | 10.11 | 6.56 | 1.83 .92 25 1 2.15 | 1.32
Total (rock anal-
ysis)f........... 48.20 | 14.45 | 3.50 | 10.53 | 10.25 | 6.62 | 1.94 | 0.96 | 0.25 | 1.89 | 1.31
Average Rock, Colton Area
Albite............ 817 | 2.32 ... .| 1.40 [ oo
Anorthite......... 8.07| 6.8 |......[....... 375 e
Hornblende. ...... 14.17 | 4.10|1.12 | 4.73| 3.86 | 3.07 | 0.51 | 0.47 | 0.06 | 0.80 | 0.50
Clinopyroxene. . . .. 1049 | 0.45(0.36| 2.14 | 4.33|2.38|0.09 .01 .06 10.08 |......
Orthopyroxene....| 6.49 | 0.21 | 0.14 | 3.47| 0.17 | 2.13 ] 0.02 .01 101 0.04 |......
Ilmenite..........| ......0....... 0.04 | 095]....... 0.03[......]...... 03] 1.15......
Other*........... 0.32] 0.260.05| 0.08]....... 0.14 | ... ... .12
Total (from min-
erals)f.......... 47.71 | 14.20 | 1.71 | 11.37 | 12.11 | 7.75 | 2.02 .49 25| 2.07 .62
Total (rock anal-
ysis)f........... 47.89 | 14.63 | 1.85 | 11.20 | 11.54 | 7.41 | 2.19 | 0.58 | 0.25 | 1.56 | 0.72

* Largely sericite and traces of chlorite at Emeryville; traces of hematite, chlorite, and serpentine at Colton.

t Chemical composition of the rock calculated from compositions and densities of constituent minerals.
1 Composition of the rock determined by direct chemical analyses (see table 1).

B. MINERALOGICAL DATA

Mineral Mode Density Ecﬁ?ji}l]:nt P‘:r;ei(s::t
Average Rock, Emeryville Area

Quartz............. 9.0 2.65 23.85 7.7

Albite 8.7 2.62 22.79 7.3
An54

Anorthite).......... 9.8 2.76 27.04 8.7

Hornblende......... 68.6 3.26 223.63 71.8

Ilmenite............ 1.5 4.72 7.08 2.3

Average Rock, Colton Area

Albite  ).......... 14.3 2.62 37.46 11.9
.......... An60

Anorthite)...... 21.4 2.76 59.06 18.7

Hornblende......... 32.2 3.28 105.94 33.6

Clinopyroxene. . . ... 19.2 3.38 64.89 20.6

Orthopyroxene. . .... 11.3 3.61 40.79 12.9

Ilmenite............ 1.5 4.72 7.08 2.2




152

predict further expulsion of these elements,
along with Ti and Mn, with reconstitution
at progressively higher T and P in the crust.

Considering the coexisting pyroxenes, the
Ca-rich pyroxene has a higher Fet*+, Ti,
Na, Al Cr, V, and Mg/(Mg + Fe) ratio
relative to the coexisting orthopyroxene.

The distribution of major ions in coexist-
ing pyroxenes has been illustrated schemati-
cally (see esp. the discussion by Bartholomé,
1962) as

(CaFeSis0s) car +
hedenbergite -

( MgSiO3 ) Ca-p
enstatite

(or clinoenstatite)

A. E. J. ENGEL, CELESTE G. ENGEL, AND R. G. HAVENS

where Ca-r = calcium-rich pyroxene and
Ca-p = calcium-poor pyroxene.
Under equilibrium conditions

( aCaMgShOs/aCaFeSizos ) Ca-r
X (@resios/ Gugsios) cap = Kp(T),

where @ = activity of the various com-
ponents.

If the coexisting pyroxenes are ideal solu-
tions, it is possible to equate activities of

= ( Ca.MgSIzO&) Ca-r + (FCSIOg) Ca-p
= diopside + orthoferrosilite ,
(or ferrosilite)

— 2.0
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B o |6
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Fic. 7.—Graphical log-log plot indicating the distribution of Fe*+/Mg in coexisting pyroxenes in mafic
igneous rocks compared with those in the Colton amphibolites and other mafic granulites (diagram after
Bartholomé, 1962).
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the components with their mole fractions

(Sahama and Torgeson, 1949; Turner and

Verhoogen, 1960, p. 21; Bartholomé, 1962).
Thus

(@caFesizos / @ CaMgSi20s ) Ca-r

= (Fe++/Mg)Ca—r7
and

( @Fesios/ @rgsios) cap = (Fet+/Mg)csp,
and the equilibrium condition becomes
(Fe++/Mg)Ca—p = (Fe++/Mg ) Ca-r
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roxenes in igneous rocks, especially the
stratiform sheets, are clearly lower by about
0.4 than K, values of coexisting pyroxenes
of mafic granulites and pyroxene amphibo-
lites. This separation in K, values of pyrox-
enes from igneous and metamorphic en-
vironments is shown in figures 7 and 8. Data
on pyroxenes from the pyroxenite from
Sutherland and the “granulite” from Ardna-
murchan published by Muir and Tilley
(1958) are omitted because they may be of
igneous rather than metamorphic origin
(see Bowes, Wright, and Park, 1961).

X Kp(T). The positions of the K, value for the
2.0
\/
1.8 - %
— %\
16 \
Kp \
— Explanation W
2 Granulite facies ‘\\\
14
M\ Mafic igneous rocks &\‘\
— ® Colton amphibolites
1.2
] | | | | ] | ] ] | | ] ] |
500 600 700 800 900 1000 1100 1200

TEMPERATURE ~CENTIGRADE

Fi6. 8.—Approximate distribution of K, in coexisting pyroxzenes in mafic metamorphic and igneous rocks,

as a function of temperature of crystallization.

The distribution coefficients of Mg and
Fe in the coexisting pyroxenes at Colton fit
the function derived by Mueller (1961) on
the assumption that the two pyroxenes are
essentially ideal solid solutions of their Mg
and Fe end members.

Kretz (1961) and Bartholomé (1962) also
note, in support of the above-cited relation-
ship, an interesting relationship between
rock environment and the K, values ob-
tained for coexisting pyroxenes (Bartho-
lomé, 1962, p. 6-11). The K, value of py-

coexisting pyroxenes from the Colton am-
phibolites conform with the curve derived
from other metamorphic pyroxenes (fig. 7).

The relationship between K, value of
these pyroxenes and the mole fraction of
CaSiO; (hereafter m) in the clinopyroxene
also appears to be a function of the environ-
ment of the parent rock. Bartholomé has
noted that where the K, > 1.6, m > 0.45;
where K, < 1.6, m < 0.45. In general, m >
0.45 for the pyroxenes in metamorphic
rocks and m < 0.45 for pyroxenes in mafic
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igneous rocks. The question has been raised
whether these differences are largely due to
the differing temperatures at which the

AVERAGE AMPHIBOLITE, COLTON

Quortz [Pg Plagioclose
Hb Hornblende Calcium-rich
pyroxene

Il irenite .0-Px] Calcium-poor

pyroxene

Fi16. 9.—Diagrams showing the interrelations of
the average modal and chemical compositions of the
amphibolite rocks at Emeryville and Colton, and the
partitioning of major elements between the coexist-
ing phases. The volume per cent of each mineral spe-
cies is indicated by the length of the radius of the
inner, pattern-free segments, relative to the radius
of the main, enclosing circles (neglecting ‘““other”).
Each partitioned arcuate segment of the main circle
indicates the per cent of major oxide in the indicated
mineral, relative to other minerals.
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pyroxene-bearing metamorphic and igneous
rocks crystallized. The variation of K, with
temperatures of crystallization appears to
have the approximate slope indicated in
figure 8. The K, values for the coexisting
pyroxenes at Colton are plotted on this
curve using as temperatures of crystalliza-
tion the data from several geothermom-
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Fic. 10.—Relation between total Mg and the
amounts of Cr, Ni, Sc, V, and Y in co-existing horn-
blende, clinopyroxene, and orthopyroxene in the
amphibolites at Colton, New York. The data are
averages from tables 2 and 8.
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eters (Engel and Engel, 1958, p. 1382-
1387; Hess, 1961, p. 144-146). It should be
noted that 625° C. is the minimum esti-
mated from geothermometers for the meta-
morphism at Colton. The mazimum tem-
perature could be at least 50° higher. Ob-
viously, this sort of curve-fitting is not
sufficiently demanding to require more than
approximate temperatures or K, values.
Demonstrably inaccurate analyses of py-
roxenes will fit this curve, and the complica-
ting effects of pressure and composition of
the rock system are yet to be evaluated
rigorously.

In a more general way, the distribution of
elements between the coexisting minerals
and the relation of this distribution to the
mode and densities of the coexisting phases
in the Emeryville and Colton amphibolites
are illustrated in figure 9. The upper circular
diagram in figure 9 represents the relations
in the average amphibolite at Emeryville;
the lower circle depicts the relations at
Colton. In each circle the inner, unshaded,
arcuate segment indicates, by the length of
its radius relative to length of the radius of
the large circle, the abundance of each min-
eral. The span of the outer arc defined by
the oxides indicates the partitioning of the
several major elements in the rock, weighted
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according to the volume per cent and density
of each mineral species.

The relations between total Mg in the
three mafic silicates (hornblende, clinopy-
roxene, and orthopyroxene) and the concen-
trations of Cr, V, Ni, Sc, and Y in these
minerals are graphed in figure 10. In general
the correlation appears to be systematic,
but negative! There appears to be no simple,
positive correlation between the concentra-
tions of these trace elements and concentra-
tions of Fe, Mg, or the ratio Fe/Mg.

In conclusion it is clear that the partition-
ing of elements in the amphibolites is in
general accordance with the classical con-
cepts of chemical coherence outlined by
Goldschmidt (1937); but detailed devia-
tions occur from simple, predictable rela-
tions, and the explanation of these apparent
anomalies will require more precise and ac-
curate measurements and sophisticated the-
oretical analyses.
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