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ABSTRACT 

The Belchertown batholith is a major syntectonic Devonian intrusion 

which lies near the axis of the Bronson Hill Anticlinorium in central 

Massachusetts. The margins of the batholith have been hydrated and 

sheared during Acadian kyanite grade regional metamorphism of the country 

rocks, and contain a strong tectonite fabric and amphibolite facies 

mineralogy. Certain central areas have escaped metamorphism, and retain 

primary igenous textures and minerals having compositions that suggest 

crystallization in a temperature range 800-1000°C, and an oxygen fugacity 

between the nickel -nickel oxide and hematite -magnetite buffers. A 

large railroad cut in the core region of the batholith exposes meta

morphic shear zones along which primary monzodiorite has been converted 

to granodiorite gneiss by a series of hydration rea~tions controlled 

by introducti~n of aqueous fluid. Whole rock wet chemical analyses 

indicate that the transformation is virtually isochemical with respect 

to all major components except H
2
o. Petrographic observations of two 

selected specimens from the railroad cut and electron microprobe and 

wet chemical analyses of constituent minerals yield the following: 

Monzodiorite 

50% plagioclase (An
23

_29) 

9% orthoclase microperthite (or71_86) 

5% quartz 

7% orthopyroxene (Wo
4

En
67

Fs29 ,Al2o
3 

= 2.25%; Ti02 = .22%; 

Fe
2
o

3 
= 1.83%) 



13% augite (Wo46En43Fs11 ,Al2o3 = 2.83%; Ti02 = .43%; Fe2o
3 

= 3.33%) 

2+ 2+ 1% hornblende (Fe /Fe +Mg 

1.30%) 

.20; Si6 . 56 ,Al2o3 = 9.96%; Ti02 = 

14% brown biotite (Fe2+/Fe2++Mg = .29; Ti0
2 

= 4.00%; Fe
2
o

3 
= 2.59%) 

1% titanohematite (hematite. 53 , ilmenite. 47 ) 

<1% magnetite 

Granodiorite Gneiss 

40% plagioclase (An18_27 ) 

12% orthoclase (Or84_89 ) 

12% quartz 

20% hornblende (Fe2+/Fe2++Mg = .25; Si
7

. 03 ,Al2o3 = 7.19%; Ti02 = 
.39%; Fe2o3 = 4.05%) 

9% green biotite (Fe2+/Fe2++Mg = .31; Ti02 = 1.57%; Fe
2
o

3 
= 3.00%) 

4% epidote 

3% sphene 

The overall reaction may be summarized as augite + orthopyroxene + 

= plagioclase + Ti-biotite + titanohematite + magnetite + H2o 

hornblende + quartz + epidote + low Ti-biotite + orthoclase + sphene, 

leading to the total elimination of pyroxenes, titanohematite and 

magnetite. In agreement with this, only primary monzodiorite has 

appreciable magnetic susceptibility so that the core region is marked 

by a broad aeromagnetic high surrounded by a low underlain by grana-

diorite and granodiorite gneiss. 

2 
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INTRODUCTION 

Location and Geologic Setting 

The Belchertown Intrusive Complex, of probable Devonian age, 

consists of a major syntectonic batholith and related stocks and dikes 

located in the uplands of west-central Massachusetts, approximately 60 

miles west of Boston and 12 miles southeast of Amherst (Fig. 1). The 

main portions of the batholith occupy an area of marked low relief of 

roughly 60 square miles which extends from the Chicopee River, near 

Three Rivers, northward to Belchertown center and the Quabbin Reservoir. 

The Complex lies near the axis of the Bronson Hill Anticlinorium, an 

en-echelon series of gneiss domes (Billings, 1956; Thompson et al., 1968) 

that extends from Long Island Sound to northwestern Maine (Fig. 1). The 

batholith intrudes late Precambrian dome core gneis~es (Naylor~ al., 

1973) and Lower and Middle Paleozoic mantling rocks of the Pelham dome 

to the north and mantling rocks of the Glastonbury dome to the south 

(Hall, 1973) (Fig.2). To the east, the batholith intrudes metamorphosed 

Middle Ordovician and Lower Devonian sedimentary and volcanic rocks of 

the Great Hill syncline (Peper, 1967; Guthrie and Robinson, 1967; Guthrie, 

1972). The western limit of exposure of batholithic rocks is marked by 

a gravity fault of 15 to 20,000-foot displacement (Robinson, 1967) which 

brings Jurassic and Triassic sedimentary rocks (Cornet et al., 1973) into 

contact with the Belchertown Complex. 

The batholithic rocks near the margins have a strong tectonite 

fabric and a typical amphibolite facies mineralogy, indicating that the 

outer areas underwent deformation and metamorphism synchronous with 
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Fig. 1. Generalized regional geologic map showing location and 

structural setting of the Belchertown Intrusive Complex. 
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compiled from J.O. Guthrie (1967, 1971); D.J. Hall (1973); 

and G.W. Leo (unpublished). 
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kyanite zone regional metamorphism of the country rocks, presumably 

during the Acadian orogeny (Guthrie, 1972). Certain areas in the center 

of the batholith appear to have escaped the major effects of the 

8 

regional metamorphism, and possess an earlier primary igneous foliation 

and a mineralogy essentially typical of the granulite facies (Hall, 1973). 

Surrounding the areas of primary rock is an extensive zone in which the 

primary mineralogy is in various stages of conversion to the new meta

morphic assemblage by a series of hydration reactions controlled in part 

by the availability of aqueous fluid near metamorphic shear zones (Hall, 

1973). The present study involved detailed investigation of an abandoned 

railroad cut in Belchertown, Massachusetts, approximately one mile north

west of Three Rivers, Mass., and about 2000 feet west of Three Rivers 

Road (Fig. 2). The cut exposes 1500 feet of solid outcrop representa

tive of the core regions of the batholith (Fig. 3). 

Summary of Previous Work 

The Belchertown batholith was described by B. K. Emerson (1898), 

who mapped the intrusion and was the first to refer to the batholithic 

rocks investigated in this study as "tonalite. 11 Chemical analyses of 

the "tonalite" appear in Emerson's (1898 and 1917) works as well as in 

the tables of H. S. Washington (1903, 1917). C. W. Percy (1955 made a 

reconnaissance study of the Belchertown Complex and noted the presence 

of several different rock types within the intrusion, including a 

hypersthene-bearing rock which she termed the "pink Belchertown tonalite." 

J. 0. Guthrie (Guthrie and Robinson, 1967; Guthrie, 1972) studied the 

details of the northern portions of the Complex, but his work did not 
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Fi g . 3 . Abandoned railroad cut at Three Rivers , Massachusetts . View is t oward wes t. 



extend beyond the hydrated zones. J. D. Peper (1966, 1967) mapped the 

southeast margin of the Complex in the Palmer quadrangle. D. J. Hall 

(1973) completed the detailed mapping initiated by Guthrie and briefly 

described the locality reported in this investigation in his geo-

10 

physical and petrographic study of the Complex. G. W. Leo of the U. S. 

Geological Survey is currently involved in a mapping project of the 

Ludlow, Massachusetts, 7.5-minute quadrangle which includes the southwest 

part of the Belchertown Intrusive Complex. 

Objectives of Study 

The main objectives of this thesis are to make a detailed examina

tion of the mineralogy of the primary batholithic rocks of the 

Belchertown Intrusive Complex and to study the metamorphic hydration 

reactions and accompanying tectoni.c deformations that affected them. 

In pursuit of these objectives the author: 1) prepared a geologic 

cross-section of the Three Rivers railroad cut at a scale of one inch 

to 50 feet, 2) analyzed planar and linear structural features and their 

bearing on the tectonic and metamorphic history, and 3) obtained 

information on the chemical and mineralogical compositions of the major 

rock types and their variations with metamorphism and hydration. This 

was accomplished by thin-section petrography, oil-immersion techniques, 

X-ray powder diffraction, wet-chemical analyses of rocks, wet-chemical 

analyses of high purity mineral separates, and electron microprobe 

analyses of minerals in polished thin-sections and grain mounts. 



Field Methods 

Field work for this project was conducted in the summer months of 

1972. Subsequent trips to the field area during 1972-1973 were made to 

alleviate minor problems encountered in the laboratory. 

11 

Investigation of the Three Rivers railroad cut was accomplished by 

making a series of overlapping photographs of the northern side of the 

cut. The positions of geologic contacts, shear zones, folds, faults, 

and dikes, and the precise locations of structural measurements and rock 

specimens were recorded on the photographs directly in the field. 

Structural features on which measurements were made included primary 

igneous foliation; foliation, mineral lineation, minor fold axes, and 

mylonitic shear zones of metamorphic origin; and post-metamorphic shear 

zones, hydrothermal veins, faults and joints. Investigations were 

carried out on metamorphic shear and hydration zones at two locations in 

the railroad cut. The different lithologies present in the railroad cut 

were distinguished in the field on the basis of mineral content, color, 

magnetic susceptibility, and presence of conspicuous structural features 

such as foliation and lineation. 

Laboratory Methods 

Microscopy. Approximately fifty petrographic thin-sections were 

prepared and examined for mineral assemblages, optical properties, and 

textural and reaction relations. Visual estimates of modal percentages 

were made on most sections, and several sections were point-counted 

using the method of Chayes (1944) to obtain more accurate results for 

classification purposes. A minimum of 2000 counts were made for each 
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point-counted mode. For two point-counted modes uncovered sections were 

etched with hydrofluoric acid and stained with solutions of sodium 

cobaltinitrite and amaranth-red biological stain to facilitate rapid 

identification of potassic feldspar and plagioclase, respectively 

(Bailey and Stevens, 1960). 

Refractive index determinations of several crushed and sieved 

mineral separates, including all those sent for wet-chemical analysis, 

were made using standard oil-immersion techniques. Indices of matching 

oils were corrected to 25°C using an Abbe refractometer equipped with a 

constant temperature bath apparatus. Stage temperatures were carefully 

measured and final indices computed by correcting to 25°C using the 

temperature coefficients of matching oils. All indices of refraction 

are considered to be accurate to ±.002. 

Opaque minerals were studied by preparing polished thin-sections, 

polished rock-chips, and polished grain mounts of magnetic separates, 

and examining them with the reflected light ore microscope using both 

air and oil-immersion objectives. In addition, a rather useful tech-

nique was used enabling simultaneous microscopic investigation of both 

opaque and non-opaque minerals. This was accomplished by attaching a 

Leitz-Wetzlar vertical illuminator to a Dialux transmitted-light 

microscope, and using the two light sources at once to observe polished 

thin-sections. In this way, the petrographer is easily able to choose 

between purely transmitted light and purely reflected light or any 

combination between the two extremes. 

X-ray powder diffraction. A General Electric XRD-5 X-ray diffract-

ometer equipped with Ni filtered Cu radiation was used to identify a 



blue mineral found in hydrothermal alteration cracks in certain rocks 

from the Three Rivers railroad cut, and also to study compositional and 

structural state variations in alkali feldspars using the "three-peak" 

method described by Wright (1968). Potassic feldspar separates were 

concentrated using bromoform (d= 2.75) and an intermediate solution 

(d=2.6) of bromoform and dimethyl sulfoxide. Each sample was run three 

times using annealed fluorite as an internal standard which enabled 

precise measurements of 26 values. 

13 

Purification of mineral separates for wet-chemical analysis. Two 

rock specimens were selected for preparation of five high purity mineral 

separates for wet-chemical analysis. Large enough specimens were 

collected to ensure the recovery of at least one gram of each of the 

mineral separates. After the specimens were crushed and ground fine 

enough to pass through 20 mesh, they were mechanically split and sieved. 

The mesh at which the minerals of both specimens were liberated into 

discrete grains was determined to be -140+200; this size fraction was 

used in all subsequent separation attempts. Preliminary heavy liquid 

separations using bromoform (d=2.75) and methylene iodide (d=3.33) 

effectively removed quartz, feldspars, apatite, epidote, and sphene. 

Iron-titanium oxides (magnetite, ilmenite, and hematite) from specimen 

A-21-1 were removed with a hand magnet. The samples were then passed 

through the Frantz Isodynamic Separator (Model L-1) many times at 

varying intensity ranges and forward and lateral tilt angles. This 

laborious technique proved successful concentrating hypersthene and 

augite from A-21-1, but not in concentrating biotite and hornblende from 

either rock. An intermediate heavy liquid solution (d=3.1) was prepared 
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specifically for hornblende-biotite separations mixing bromoform with 

dimethyl sulfoxide. This liquid effectively concentrated hornblende from 

specimen A-13-1. Biotites from both were purified using a 

crude paper-shaking technique which relies on the platy morphology of 

the biotites. This method was found to be the quickest and most 

efficient for biotite separations, and the two biotite concentrates are 

the purest of the five made. The purity of each mineral concentrate was 

determined by point-counting 1000 grains of each separate. The purity, 

nature and amounts of contaminants, and amounts recovered are as follows: 

Purity 

Inclusions 

Contaminant 
Grains 

Amount 
Recovered 

A-21-1 A-13-1 

Hypersthene Augite Biotite Hornblende Biotite 

97.6%* 97.9% 98.5% 98.2% 98.9% 

1. 7% ilm. ** 1.2% qtz. 1.1% sphene, 
plag . 

2.3% aug.* . 2% biotite 1.5% hyp • • 6% biotite • 8% hbld. 
• 1% hbld. .2% hbld . 

2.2 g 5.9g 2.2 g 5.2 g 2.4 g 
~-----------~ 

*Includes thin plates of ilmenite and/or titano-hematite, 
amount not determined, that may be products of exsolution. 

**Visual estimate of % of thin plates of ilmenite and/or 
titano-hematite that may be products of exsolution. 



Electron microprobe analyses £f minerals. Electron microprobe 

analyses were carried out on several specimens to supplement wet

chemical data, to chemically examine minerals too scarce or otherwise 

impossible to purify for chemical analysis, and to provide compositional 

information across zoned or exsolved grains, those containing abundant 

inclusions, and those exhibiting obvious reaction textures. Probe 

specimens were selected from standard petrographic thin-sections on the 

basis of freshness, mineral content, and presence of reaction or 

exsolution textures or other features worthy of chemical analysis. 

Where possible, probe sections were cut and polished from the same rock

chips that provided the thin-sections. For opaque minerals, grain 

mounts representing magnetic concentrates were prepared. Areas to be 

analyzed were photographed beforehand to facilitate rapid location in 

15 

the microprobe itself. MAC model 400 electron probe microanalyzers 

housed at the Institute of Materials Science, University of Connecticut, 

Storrs, and at the Department of Earth and Planetary Sciences, Massachu

setts Institute of Technology, Cambridge, were used. These are computer

automated systems which perform multi-element analyses of spots and 

print out uncorrected and corrected element concentration data. All 

corrections are done by the method of Bence and Albee (1968) using 

alpha factors given in Albee and Ray (1970). 

Wet-chemical analyses of rocks. Wet-chemical analyses of rocks 

from several localities throughout the batholith, including two from the 

Three Rivers railroad cut, were kindly provided by G. W. Leo of the U.S. 

Geological Survey. 
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STRUCTURAL GEOLOGY 

General Considerations 

The major zonation of the Belchertown batholith is interpreted to 

represent a mineralogical and textural transformation of the primary 

batholithic rocks which resulted from cataclasis, hydration, and 

recrystallization along pervasive shear zones in response to regional 

metamorphism. Schematically, the batholith can be thought of as a 

network of shear zones varying in size from minute cracks best visible 

in thin-section to huge layers of flaser gneiss and mylonite. In the 

central regions, these shear zones are up to fifty feet thick. With 

increasing proximity to the margins of the intrusion, the extent and 

effects of the shear zones become more pronounced, and the outermost 

regions can be considered as a continuous zone of fully hydrated and 

recrystallized rocks. Large areas of primary batholithic rock are 

restricted to the central region, and the boundaries of this "inner 

zone" are defined by the outermost occurrences of the primary igenous 

lithology, two-pyroxene monzodiorite (Fig. 4). 

The Three Rivers railroad cut (Fig. 3) exposes rocks which exhibit 

all lithologic and structural gradations, and can be considered as a 

representative cross-section through part of the inner zone of the 

batholith. The results of geologic mapping undertaken at the railroad 

cut are presented as a scale view of the northern side of the cut 

(Fig. 5). Also shown are the locations of rock-specimens used in a 

detailed chemical and petrolpgic study. 
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Primary Igneous Features 

The predominant rock type exposed in the Three Rivers railroad cut 

is a primary igneous two-pyroxene monzodiorite. The rock has a typical 

igneous fabric, exhibiting either a massive texture or a primary folia-

tion formed by oriented grains of plagioclase. In some places, small 

elongate segregations or inclusions of mafic material and possible xeno-

liths of country rock are oriented parallel to this foliation. Primary 

foliation compiled for the entire railroad cut (Fig. 6) tends to strike 

northwest and dip northeast at angles varying from 10 to 85 degrees. 

This pattern may reflect errors in dip measurement which are to be 

expected in the case of a weak foliation formed by elongate or lath-

shaped elements. The interpretation of this planar feature as primary 

igneous flow structure is supported by the parallelism of inclusions 

or xenoliths, and also by the fact that it is commonly truncated by 

better-developed foliations formed by subsequent metamorphic episodes. 

N 

-r. 
Fig. 6. Lower hemisphere equal

area diagram of poles 
to primary igneous 
foliation from the Three 
Rivers railroad cut. 
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Metamorphic Features 

Throughout the railroad cut are many shear-zones of widely varying 

size, shape and origin. Two large and rather complex zones located near 

either end of the cut (Fig. 5) are believed to be associated with the 

Acadian metamorphism and hydration of the batholith and were studied 

in detail. 

The eastern shear zone (Fig. 7) is composed of strongly foliated 

and lineated hornblende-biotite granodiorite gneiss which is mineral

ogically and texturally similar to rocks at the margins of the batholith. 

Alternating layers within this zone vary texturally from coarse flaser 

gneiss to dense, fine-grained mylonite. A distinctive well-layered. 

fine~grained mylonitic gneiss near the center of the zone is continuous 

enough to be mapped as a separate unit. The granodiorite gneiss of the 

shear zone grades into massive hornblende-biotite granodiorite, which in 

turn grades into the primary two-pyroxene monzodiorite. The entire shear 

zone has a broad synclinal form, and measurements of flaser gneiss and 

mylonite foliation yield an approximate beta maximum at N70°E, 39°NE (Fig. 

BA). Hornblende, biotite, and feldspar lineations; slickensides on mylon

itic surfaces, long axes of stretched inclusions; and axes of folded fla

ser foliations yield a maximum (Fig. BB) which corresponds well with the 

beta axis (Fig. SA) .determined from the measurements of planar features. 

Within the well layered mylonitic zone is a particularly well exposed 

small isoclinal fold first described by Hall (1973) which was studied in 

more detail in this investigation. The axis of this fold, as well as 
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Fig. 8. Lower hemisphere equal area diagrams of planar and linear 
elements from eastern (A,B) and western (C,D) shear zones 
in the Three Rivers railroad cut. 
A. Eastern shear zone. 44 poles to foliation of flaser gneiss 
(circles) and mylonite (triangles) showing resulting beta 
maximum (open circle). 
B. Eastern shear zone. 42 mineral lineations of flaser gneiss 
(circles) and mylonite (triangles), and 3 axes of minor folds 
in well layered mylonite (arrows indicating movement sense). 
Dashed line indicates gradual change in mineral lineation 
from flaser gneiss to mylonite. 
C. Western shear zone. 17 poles to foliation of flaser gneiss. 
D. Western shear zone. 11 mineral lineations of flaser gneiss 
(circles) and one axis of minor fold in felsic dike (arrow 
indicating movement sense). 
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the axes of associated folds . 8B~ conforms with the 

direction of other linear elements described above. 

In , lineation in fine 

than lineation in coarse flaser 

In some places the lineation shows a 

foliation from flaser to 

tends have plunge 

mylonitic gneiss. 

in plunge across 

There is, thus, 

some indication of a correlation between size and of 

of mineral lineation, the 

Close inspection of some 

of which is unknown at this time. 

surfaces reveals relict flaser 

lineation in the mylonite which suggests that the formation of flaser 

gneiss predates some Thus an of crushing and 

grinding with little recrystallization must have occurred during the last 

stages of the deformation. The results of earlier episodes of 

recrystallization. The mylonitization were obliterated 

formation of mylonites indicates that the relations between temperature, 

pressure, and strain rate were for the rocks to sustain more 

brittle and less deformation. 

The shear zone near the western end of the railroad cut (Figs. 5,9) 

is composed of rocks 

zone except that 

similar to those·of the eastern shear 

are absent. layers of flaser gneiss 

between one and five feet in thickness are zones of massive 

into two-pyroxene 

dikes from one 

within the shear zone. In some 

hornblende-biotite granodiorite which 

monzodiorite. Folded and/or sheared 

inch to two feet thick are also 

places the hornblende-biotite retains the igneous 
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foliation which has been bent into parallelism with the stronger flaser 

foliation within a few inches of the gneissic zones. 
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In three dimensions the shear zones can be pictured as layers of 

flaser gneiss (with or without mylonite) surrounding and enclosing 

elongate, torpedo-shaped masses of non-foliated granodiorite which have 

resisted the major effects of the cataclasis but not the hydration (Fig. 

10). Measurements of foliation taken in the western shear zone (Fig. SC) 

yield some attitudes which fit with the beta maximum obtained for the 

eastern zone, but others do not agree so well. Lineations measured in 

the western zone yield a corresponding spread of orientations (Fig. SD). 

If the three-dimensional interpretation of the shear zones is correct, 

then the beta maximum obtained for the eastern shear zone and supple

mented by measurements from the western zone may represent the long axes 

of "torpedo-shaped" masses defined by planar and linear elements in the 

flaser gneisses and related rocks. Attitudes from the western zone that 

do not fit so well with the beta maximum could represent measurements 

taken near the "nose" of a torpedo, or at local irregularities. 

Other features associated with metamorphic events subsequent to 

crystallization of the batholith are small hydration zones, commonly five 

to six inches across, with associated small felsic dikes up to one inch 

thick (Fig. 11). Commonly developed along one edge of the dikes are dark, 

extremely fine-grained mylonitic layers one-eighth to one-quarter inch 

in thickness, some of which contain well defined slickensides. These 

zones have been carefully sampled because they provide hydration 

features developed on a scale small enough to be studied in a continuous 

series of thin sections. Petrographic investigations indicate that the 
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Fig. 11. Felsic dike with associated metamorphic hydration zone and 

mylonite zone along one side. Locality A-22. See Table 3 

and Figure 19. 
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from shear zones and of joints in the Three Rivers railroad cut. 
A- Mylonite surfaces adjacent to felsic dikes associated with 
small hydration zones (Fig. 11). Filled circles- poles to foliation. 
Open circles- slickensides and their associated mylonite surfaces 
(shown directly}. 
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7 poles to surfaces of post-metamorphic veins without associated 
hydrothermal alteration. Triangles- 11 poles to surfaces of hydro
thermal veins associated with blue amphibole alteration. 
D- 16 slickenside directions (open symbols) on surfaces shown in C, 
associated surfaces shown directly. 
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hydration features cannot be attributed solely to the intrusion of the 

dikes, and that hydration must have occurred prior to or synchronous 

with dike intrusion. Previously hydrated shear zones could have provided 

avenues along which the dikes could more easily be intruded. Structural 

measurements of these zones compiled for the entire railroad cut show no 

systematic pattern (Fig. 12A), although in some cases, three or four 

zones in the same vicinity have similar attitudes. 

Post-metamorphic Features 

The railroad cut is pervaded with a number of post-metamorphic 

features which in most cases can be distinguished from the earlier 

deformational features . Most common are thin cracks or shear zones 

along which hydrothermal fluids heve been introduced, that in many 

cases produced localized hydration zones (Fig. 13). The cracks are 

Fig. 13. Post-metamorphic epidote vein with associated hydrothermal 
alteration zone. Note whitening of feldspars . Scale is 
15 em. Locality A-41. 



filled with fine-grained aggregates of epidote, chlorite, and quartz, 

and are typically various shades of green. Other features of possibly 

similar origin are bluish alteration products developed along extremely 

thin cracks commonly in primary batholithic rocks. The bluish material 

has been identified as fine-grained magnesioriebeckite using X-ray 

powder diffraction techniques (further discussed under "Mineralogy"). 

Attitudes of post-metamorphic shear zones seem to vary irregularly over 

short distances, and structural measurements compiled for the entire 

railroad cut show an apparently random distribution (Fig. 12C,D). 
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Faults are fairly common throughout the railroad cut and locally 

truncate small shear or hydration zones yielding displacements commonly 

less than one foot. One large-scale, nearly vertical fault of unknown 

displacement forms a scarp approximately thirty-five feet high (Fig. 5). 

The fault surface is composed of dense, fine-grained mylonite with 

poorly developed slickensides. Other post-metamorphic features include 

locally abundant veins from one to three inches thick composed of white 

coarse-grained quartz. Rocks of the railroad cut are moderately well 

jointed, and the most conspicuous joint set strikes northwest and dips 

gently southwest (Fig. 12B). 



TABLE 1. ESTIMATED AND POINT-COUNTED (2000 points) MODES FOR THE MAIN ROCK TYPES OF THE BELCHERTOWN COMPLEX. 

PRIMARY ROCKS TRANSITIONAL ROCKS 
Hypersthene-augite-biotite monzodiorite Augite-hornblende-biotite granodiorite 

Al4-4 AlS A21-l A21-2 A21-3 86-6/2 1 95-3 1 99-21 A50-l Al4-3 85-li i 

Quartz 4 3.25 4.00 3.80 4.10 5 6 8.48 10 12 12 
Plagioclase 50 50.10 46.60 47.90 53.50 50 50 52.62 48 39 51 

(Mol.% An) (32) 3 (30) 3 (27.9) 2 (31) 3 (31) 3 

Potassic Feldspar 8 10.75 10.90 8.40 8.20 10 11 11.10 10 8 
Hyrmekite tr .30 . 70 .55 .45 tr tr tr 1 1 tr 

Hypersthene 6 6.65 6.85 6.10 9.30 8 tr 
Augite 12 12.75 13.15 16.70 11.20 14 12 6.65 5 5 1 
Hornblende (igneous) 1 1. 30 1. 60 .05 .90 .5 1.5 tr 1 
Hornblende (meta.) 1 1.15 1. 35 .95 .65 1 5 8.43 10 12 15 
Biotite 15 11.35 11.70 13.80 9.95 9 12 9.53 11 7 10 

(color) 8 (br) (br) (br) (br) (br) (br) (br) (br&gr) (br&gr) (br&gr) (br&gr) 

Epidote4 

Sphene 
Opaque Minerals 5 1 .55 1. 00 . 70 1. 00 1 1 1.47 

-·~·-

Apatite 1 1. 00 .60 .60 .so . 5 . 5 .73 
Zircon tr tr tr tr tr tr tr tr 
Tourmaline 

Secondary Minerals 6 1 .85 1. ss 7 .45 .25 1 1 .99 

Total 100 100.00 100.00 100.00 100.00 100 100 100.00 

Pl/(Pl+Ksp) .823 .810 .851 .867 .826 
Qz/(Qz+Fsp) .051 .065 .063 .062 .117 

1 Specimens for which whole-rock wet chemical analyses are available (see Table 4). 
2 Average of 5 electron microprobe analyses (see Table 5). 
3 Determined by the technique of Mi~hel-Levy (Deer, et al., 1966). 
4 Includes trace amounts of allanite. 
5 Includes titanohematite with exsolved ferri-ilmenite, magnetite, and minor sulfides. 
6 Includes sericite, chlorite, and calcite. 

tr 3 
1 2 
1 tr 

1 1 
tr tr 

1 10 

100 100 

7 Includes cummingtonitic amphibole, blue-green hornblende, quartz, epidote, calcite, Mg-chlorite, and 
green biotite present along thin metamorphic crack cutting across the thin section. 

8 Color in transmitted light (brown or green) corresponding to maximum absorption directions parallel 
to Z or Y. 
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TABLE 1. (CONT'D.) 
• 

TRANSITIONAL ROCKS 
Hornblende-biotite 

granodiorites 
A50-2 Al3-2 1 AlB 

Quartz 10 11.15 12 
Plagioclase 40 39.75 40 

(Mol.% An) (29) 3 (29) 3 (32) 3 

Potassic Feldspar 8 10.50 10 
r1yrmekite 1 tr 1 

Hypersthene 
Augite 
Hornblende (igneous) 
Hornblende (meta.) 21 21.85 21 
Biotite 9 10.25 9 

(color) 8 (gr) (gr) (gr) 

Epidote If 3 3.85 3 I 
Sphene 2 1.25 2 I Opaque Minerals 5 tr .10 tr 

Apatite 1 .45 1 
Zircon tr tr tr 
Tourmaline tr .Q5 

Secondary Minerals 6 5 .so 1 

Total 100 100.00 100 

Pl/(Pl+Ksp) .791 
Qz/(Qz+Fsp) .182 

For specimen localities see Fig. 5 and Appendix. 

METAMORPHIC ROCKS 
Hornblende-biotite 

granodiorite gneisses 
96-2/2 1 85-3 1 A 54 Al4-2 

10 10 8 13 
42 40 38 37 

(30) 3 (31) 3 

11 10 8 10 
tr tr 1 tr 

" 

20 20 25 20 
10 10 12 8 

(gr) (gr) (gr) (gr) 
--

3 6 3 5 
2 2 3 3 

tr tr tr tr 
-

1 1 1 1 
tr tr tr tr 

tr tr tr 

1 1 1 3 
--

100 100 100 100 

Al3-1 1-

14.00 
40.05 

(24.2) 2 

12.05 
tr 

20.20 
8.60 
(gr) 

2.75 
1.05 
tr 

.50 
tr 

.80 

100.00 

.768 

.212 

w 
w 



LITHOLOGY AND PETROGRAPHY 

Estimated and point-counted modes of specimens representing the 

main rock units of the batholith are given in Table 1 and are classified 

in Fig. 14. Estimated modes of cataclastic rocks are given in Table 2, 

and dikes, inclusions, and post-metamorphic veins in Table 3. It should 

be emphasized that it is not among the objectives of this thesis to make 

a statistical sampling of modal analyses of batholithic rocks. For a 

more complete tabulation the reader is referred to Hall (1973) and 

Guthrie (1972). 

Two-pyroxene Monzodiorite 

34 

The dominant primary igneous lithology of the Belchertown batholith 

is a generally equigranular, medium-grained massive rock which in some 

cases contains a weak foliation formed by the subparallel alignment of 

plagioclase grains. On fresh surfaces the rock possesses a character

istic pink or reddish color attributed to plagioclase, which accounts for 

nearly fifty percent of the rock by volume. More highly weathered sur

faces appear gray in color. The rock has a moderately strong magnetic 

susceptibility and easily attracts a hand magnet. This attribute was 

found to be extremely useful for field identification. Mafic minerals 

account for approximately thirty-five percent of the rock, and include 

large poikilitic brown biotites up to several centimeters across, and 

st~bby crystals of greenish augite and brown hypersthene which in some 

places is surrounded by thin rims of dark-green hornblende. Small, mono

mineralic aggregates up to 2 em across of either augite or hypersthene 
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Fig. 14. Plot based on 7 point-counted modes of primary batholithic 
rocks (circles), a fully rec~ystallized rock (square), and 
transitional rocks (triangles). All specimens are from the 
Three Rivers railroad cut with the exception of GWL 99-2 
which was collected from near the northern contact of the 
inner zone. Diagram modified from Bateman, et. al. (1963). 
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are commonly seen, and in some places are elongated parallel to the pri

mary igneous foliations. Other constituents distinguishable with the aid 

of a hand lens include quartz. potassic , and opaque minerals. 

In thin section the monzodiorite is composed of interlocking sub

hedral plagioclase and pyroxene crystals with larger anhedral poikilitic 

potassic feldspar and biotite grains (Fig. 15). Quartz is clearly 

interstitial in form, occurring between adjacent plagioclase or pyroxene 

subhedra. With the of the biotites which may occur as large 

brown or reddish brown plates several centimeters across, the rock is 

generally equigranular, grains ranging in size from .5 mm to 1 em and 

averaging about 2 mm. The primary igneous foliation, which may be 

visible in hand specimen, is not readily apparent in thin section. Point

counted modes (Table 1, Fig. 14) indicate that quartz is fairly constant 

in abundance (approximately 4%), and that the ratio of plagioclase to 

potassic feldspar is somewhat variable (Pl/Pl+Ksp = 81-87). 

Plagioclase is approximately An
28

; some grains have slight composi

tional zoning with continuously variable extinction from centers to 

boundaries. The grains are well twinned, exhibiting Carlsbad and poly

synthetic albite and pericline twins in various combinations. Plagioclase 

from the monzodiorite characteristically contains ultra-fine "dust-like" 

inclusions which seem to be concentrated in the cores of the grains (Fig. 

16), and are believed to be responsible for the pink or reddish appear

ance of the rock in hand specimen. Myrmekitic intergrowths of quartz 

and plagioclase occur between potassic feldspar and plagioclase grains. 

Orthoclase microperthite forms irregular anhedral grains which 

commonly enclose smaller plagioclase crystals. Plagioclase exsolution 



Fig. 15. Sketch of two-pyroxene monzodiorite showing textural 
relations. A - augite; Bi - brown biotite; H - hypersthene; 
Hbl - olive-green hornblende; K - orthoclase microperthite; 
P - plagioclase illustrating fine "dust-like" inclusions; 
Q - quartz; black - opaque minerals. Specimen # A21-3. 
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Fig. 16. Photomicrograph illustrating fine "dust-like" inclusions 
in plagioclase from the monzodiorite. Note concentration 
of dust in center of the central grain. Specimen A-21-2. 

Fig. 17. Photomicrograph illustrating zonation of plagioclase 
lamellae in orthoclase microperthite from the monzo
diorite. Specimen A-21-2. 
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lamellae are zonally distributed in some grains, which show coarse 

lamellae concentrated at grain centers, in turn surrounded by a finer 

set. In some cases a completely homogeneous zone, devoid of lamellae, 

is present at the margins of the alkali feldspar grain (Fig. 17). 

Coexisting orthopyroxene and augite are subhedral or anhedral 

grains with well developed prismatic cleavage. Small aggregates of 

either pyroxene up to 1 em across are locally abundant, and are 

suggestive of early crystallization. Augite is pale green or colorless, 

some grains showing slight pleochroism, and hypersthene is strongly 

pleochroic (X= pink, Z =pale green). Magnetite inclusions are 

quite common and take on a wide variety of forms. Exsolution features 

are very well developed. Augite hosts contain (100) hypersthene 

lamellae and two sets of finer pigeonite lamellae inclined at small 

angles to (100) and (001). Hypersthene hosts contain (100) augite 

lamellae (exsolution features are discussed in more detail under 

"Mineralogy"). Extremely thin red and brownish-red plates assumed to 

be ilmenite or titanohematite are present in many grains of both 

pyroxenes, and in most cases appear to be parallel to (100) of both 

augite and hypersthene. These are interpreted as late, low-temperature 

exsolution products. Most hypersthene grains are surrounded by very 

thin rims of blue-green hornblende, representing a hydration reaction 

associated with metamorphism of the batholith. Minute cracks, approxi

mately .05 mm wide, containing quartz, calcite, epidote, green biotite 

and blue-green hornblende, can in rare cases be seen cutting through the 

thin sections. Hypersthene grains situated in the paths of these 

cracks have been transformed into fine-grained aggregates of colorless 
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cummingtonitic amphibole, commonly intergrown with opaque minerals. 

These features are also assumed to be metamorphic in origin. 

Two varieties of hornblende are present in the monzodiorite, which 

together usually comprise less than one percent of the rock by volume. 

40 

A primary igneous hornblende (X = tan, Y = brownish green, Z = olive 

green) occurs as irregular, anhedral grains which poikilitically enclose 

pyroxenes, feldspars, and quartz. In a few cases, particularly in 

coarser-grained crystals, exsolution lamellae of what is believed to be 

cummingtonite were found. Two sets of lamellae are generally present 

and are oriented at small angles to (100) and (001). A later metamorphic 

blue-green hornblende occurs as thin rims around hypersthene grains, and 

is also present along thin cracks through the thin sections. 

Accessory minerals include small euhedral to subhedral apatite, and 

zircon, occurring as poikilitic inclusions in brown biotite, commonly 

surrounded by darker brown pleochroic haloes. Zircons are usually small, 

averaging .02 mm across; however large, euhedral grains up to 1 mm long 

have been identified. Opaque minerals include homogeneous, unoxidized 

magnetite, and primary magmatic titanohematite with ilmenite exsolution 

lamellae. These occur as irregular, anhedral grains commonly surrounded 

by biotite, pyroxene, or primary hornblende. A few specimens contain 

small grains of calcite, which is probably secondary. 

Hornblende-biotite Granodiorite Gneiss 

The fully recrystallized counterpart of the primary batholithic 

monzodiorite is hornblende-biotite granodiorite gneiss with well developed 

foliation and lineation formed by alignment of biotite and hornblende 
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grains and quartz-feldspar aggregates. Pyroxenes are totally absent, 

apparently having been consumed during chemical redistribution involving 

hydration and recrystallization to the new metamorphic mineral assem

blage. In hand specimen, the rock is medium-grained and gray to greenish 

gray in color. Weathered surfaces appear darker gray. The granodiorite 

gneiss contains whitish plagioclase in contrast to the pink or reddish 

feldspars of the monzodiorite, and is non-magnetic. 

The tectonic fabric of the rock is apparent in thin section (Fig. 

18). Elongate mineral grains such as prismatic hornblende crystals, 

biotite flakes, epidote and apatite grains, and granular aggregates of 

quartz, plagioclase, and potassic feldspar are oriented subparallel. A 

point-counted mode (Table 1) indicates that in contrast to the monzo

diorites, the recrystallized rock contains a greater proportion of 

quartz (14%) and lesser plagioclase (40%), and is classified as grano

diorite (Fig. 14). Less biotite and more potassic feldspar are also 

indicated; however, a larger number of modes of similar rocks compiled 

from Hall (1973) and Guthrie (1972) show more biotite and less potassic 

feldspar. This discrepancy could be crucial when considering metamorphic 

reactions quantitatively. 

Plagioclase has highly variable size and morphology, from small 

granular units .05 mm across to large subhedral tablets up to 3 mm in 

length. Most grains are untwinned, are free of fine "dust-like" inclu

sions, and cannot be readily distinguished from potassic feldspar and 

quartz, so that staining of the thin sections was necessary for rapid 

identification for point-counting purposes. Slight compositional zoning 



Fig. 18. Sketch of hornblende-biotite granodiorite gneiss. B - green 
biotite; E - epidote; H - blue-green hornblende; 
K - orthoclase microperthite; P - plagioclase; Q - quartz; 
S - sphene. Note well developed foliation in contrast to 
massive texture of monzodiorite. Specimen # Al3-l. 
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is apparent, and some grains exhibit selective sericitization of the 

more calcic cores. 

Orthoclase microperthite is morphologically similar to plagioclase. 

Plagioclase exsolution lamellae are not so abundant as in the monzo

diorites, and a few grains show incipient development of microcline 

tartan twinning. 
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The metamorphic hornblende (X= tan, Y = olive green, Z = blue green) 

is similar in appearance to that present as reaction rims around 

hypersthene in the monzodiorite, and occurs as well twinned anhedra. 

Irregular grains vary in length from .05 mm to 2 mm. Aggregates of small 

grains are locally abundant, and are commonly associated with biotite. 

Large grains are very poikilitic, enclosing smaller grains of plagioclase, 

quartz, potassic feldspar, epidote, sphene, apatite, and zircon. 

Particularly common are intergrowths of hornblende with vermicular 

quartz which are interpreted as resulting from metamorphic reactions. 

Within some hornblende grains thin plates of biotite are oriented 

parallel to (010) and are commonly centrally concentrated, resembling 

exsolution lamellae. 

Biotite (X = pale tan, Z = Y = olive green) is finer-grained and 

less poikilitic compared with that of the monzodiorite, and occurs as 

groups of crystals aligned parallel to the foliation. 

Epidote commonly occurs as small anhedral grains averaging .2 mm in 

size which are widely scattered throughout the rock. Larger euhedral 

crystals are commonly zorted, and may contain rounded cores of metamict 

allanite. Brownish sphene occurs as irregular, interstitial grains, or 

less commonly as larger euhedral crystals. 
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Accessory minerals include small anhedral apatite and zircon, 

occurring as poikilitic inclusions in biotite. Opaque minerals are very 

scarce, occurring as elongate grains intergrown with biotite. 

Transitional Rocks 

Rocks exhibiting all structural and mineralogical gradations be

tween the primary batholithic two-pyroxene monzodiorite and the fully 

hydrated and recrystallized hornblende-biotite granodiorite gneiss have 

been identified in the Belchertown Intrusive Complex. Transitional 

lithologies are defined as those rocks which possess a massive texture 

with no tectonite fabric and contain no hypersthene. They may or may 

not contain augite. In the shear zones of the Three Rivers railroad 

cut, the nature of the transition zone between the primary igneous and 

fully recrystallized rocks is such that the major intermediate lithology 

is a massive hornblende-biotite granodiorite \vhich is mineralogically 

but not texturally similar to the fully hydrated and recrystallized 

rock. Augite-bearing transitional rocks, such as those described by 

Hall (1973), are scarce, being restricted to thin zones between primary 

igneous rocks and more hydrated intermediate rocks. 

The hornblende-biotite granodiorite is a gray to greenish-gray rock 

with a predominantly massive texture, although in some cases relict 

primary igneous foliation may be present. Clots of hornblende-rich 

material up to 2 em across are locally abundant, and may represent 

hydrated pseudomorphs of pyroxene segregations observed in the primary 

rock. The rock is non-magnetic, and the plagioclase is white, 

with no fine "dust-like" inclusions. 
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Point-counted modes of transitional granodiorites (Table 1, Fig. 14) 

are intermediate between purely igneous and purely metamorphic end 

members. Hornblende-biotite granodiorite (A-13-2) is closer in mineral

ogy to the fully recrystallized gneiss (A-13-1) and an augite

hornblende-biotite granodiorite (GWL-99-2) collected by G. W. Leo from 

near the northern margin of the inner zone plots closer to the primary 

monzodiorites. There appears to be a general trend of quartz enrich

ment and plagioclase depletion with increasing metamorphism, which can 

be related to hydration reactions and will be discussed in a later 

section. 

In thin section the transitional rocks contain numerous textural 

features suggestive of reaction relations. Aggregates of fine-grained 

blue-green hornblende commonly intergrown with vermicular quartz are 

clearly pseudomorphs after augite and hypersthene, retaining the 

pyroxene morphology. In augite-bearing transitional rocks, the clino

pyroxene is mantled by thick rims of hornblende or quartz-hornblende 

intergrowths. Adjacent thin-sections across small metamorphic hydration 

zones (Fig. 11) reveal a wide variety of complex reaction relations. 

Especially common are grains of hypersthene or augite which have reacted 

with adjacent potassic feldspar to form extensive rims of fine-grained 

pale green biotite (Fig. 19). Commonly within the biotite rim the 

hypersthene has been partially altered to an intergrowth of colorless 

cummingtonite and opaque minerals. These reactions appear to represent 

attainment of local equilibrium, because unreacted grain contacts are 

present elsewhere in the same thin sections. Another feature common to 

most transitional rocks is a concentration of euhedral or subhedral 
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Fig. 19. Photomicrograph of complex reaction rim between hypersthene 
and potassic feldspar. By-hypersthene, Cm-cummingtonitic 
amphibole, Bi-green biotite, Ksp-orthoclase microperthite. 
Note zone of opaque minerals between amphibole and biotite. 
Specimen A-22-2j. 

Fig. 20. Photomicrograph of mylonite showing porphyroclasts of plag
ioclase (white) and blue-green hornblende (dark gray) 
surrounded by ultra-fine-grained matrix. Specimen A-51-2a. 
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sphene crystals along the edges of olive green biotite grains. This may 

represent the breakdown of brown Ti-rich igneous biotite to sphene and a 

less Ti-rich green biotite, the Ca for the sphene being provided from 

elsewhere in the rock. 

Cataclastic Rocks 
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Cataclastic rocks from shear zones in the Three Rivers railroad cut 

exhibit a wide variety of textures from dense, fine-grained ultramylonite 

to the coarse, fully recrystallized granodiorite gneiss previously 

discussed (Table 2). Flaser gneisses which have been partially recrys

tallized are common intermediate lithologies. The mylonites and flaser 

gneisses are restricted to the eastern shear zone (Fig. 7) where they 

occur as gradational zones and alternating layers varying in thickness 

from 5 mm to several meters. 

In hand specimen the rocks range from dense, very fine-grained dark 

gray or greenish rocks to lighter colored, coarse-grained flaser gneisses 

in which individual grains of hornblende or feldspar can be distinguished. 

Streaks of fine-grained dark-colored material are commonly interlayered 

with coarser, more highly recrystallized zones. Foliation and lineation 

are very well developed and are formed by alignment of grains and 

aggregates of hornblende, biotite and epidote, and by alignment of 

quartz-feldspar aggregates. 

In thin section the cataclastic rocks (Table 2, A-51 specimens) 

show lenticular-shaped porphyroclasts of plagioclase, hornblende or 

potassic feldspar from .5mm to 2 mm across. These minerals are 

oriented parallel to the foliation, and are surrounded by fine-



TABLE 2. ESTI11ATED MODES OF CATACLASTIC ROCKS FROM THE BELCHERTOWN COMPLEX. 

Porphyroclast Minerals 

Plagioclase 

Hornblende 

Potassic feldspar 

Augite 

Matrix Minerals 

Quartz 

Plagioclase 

Potassic feldspar 

Hornblende 

Biotite 

Epidote 

Sphene 

Apatite 

Tourmaline 

Opaque Minerals 

Calcite 

Cryptocrystalline Material 

TOTAL 

A51-2a 

Ultra-
mylon Flaser 

ite Gneiss 

4 30 

1 15 

5 

tr 

25 

5 

12 

5 

1 

1 

1 

95 --
100 100 

A51-2b A51-3b 

Dense, fine 
Flaser grained 
Gneiss Mylonite 

42 12 

3 8 

5 

tr 

32 

8 

28 

4 

4 

I 2 
I 2 

tr 

50 --
100 100 

-----

A51-3c A53-3 A53-4 

Well layered mylonitic 
gneisses 

Fine-
grained light dark light dark 

l1ylonite layer layer layer layer 

30 

20 

25 15 25 15 

16 so 30 50 30 

5 15 10 15 10 

16 35 40 

8 5 5 51 
2 3 3 4 

1 3 

1 2 1 

2 2 

1 

-- -- -- -- --
100 100 100 100 100 

-1>-
00 
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grained matrix material (Fig. 20). Many of the porphyroclasts show 

deformational features such as undulatory extinction, granulated edges, 

and curved twin lamellae. Plagioclase porphyroclasts are most abundant. 

They are generally untwinned and contain minute, euhedral, randomly 

oriented epidote inclusions. Blue-green hornblende porphyroclasts tend 

to be smaller than those of plagioclase and have well developed prismatic 

cleavage. Few have relict augite cores. Potassic feldspar porphyro

clasts are not very abundant, but have been identified, and show 

incipient development of microcline tartan twinning. The mylonite 

matrix varies in texture from fine-grained aggregates to swirling 

streaks of dark green ultra-fine-grained material, and gradations 

between the two extremes are common. Coarser-grained material consists 

of well oriented grains of blue-green hornblende and olive green 

biotite, with equigranular aggregates of plagioclase, potassic feldspar 

and quartz. Common accessory minerals include sphene, apatite, tour~ 

maline, calcite, and opaques. 

A zone of well layered mylonitic gneiss is also present in the 

eastern shear zone and was found to be continuous enough to be separately 

mapped (Fig. 6). In hand specimen the rock consists of alternating dark 

greenish gray and lighter pinkish laminae, exhibiting well developed 

foliation and lineation. In thin section (Table 2, A53 specimens) the 

dark layers consist mainly of aligned hornblende crystals with granular 

aggregates of quartz, untwinned plagioclase and potassic feldspar. 

The lighter layers are predominantly granular, untwinned plagioclase, 

potassic feldspar and quartz with aligned crystals of olive green biotite. 



Epidote, apatite, and opaque minerals are minor constituents of both 

dark and light layers. 

The layering in these rocks may have been caused by an episode of 

mechanic metamorphic differentiation whereby originally homogeneous 

rock is transformed into a series of alternating layers of different 

mineralogical composition. According to the hypothesis of Schmidt 

(1932), layered mylonites can be accounted for by differences in the 

response of various minerals under shearing stress due to their 

different mechanical properties. This process might account for the 

separation of the dark, hornblende-rich layers and light, feldspar-rich 

layers observed in the mylonitic gneiss described above. Similar 

layering has been attributed to this process by other authors (Prinz and 

Poldervaart, 1964; Sclar, 1965). 

Dikes 

Dikes present in the railroad cut are light gray, medium-grained 

rocks of granodiorite composition, which invariably contain less than 

15% by volume of mafic minerals (Table 3, A-13-3, A-14-lb, A-22-lc). 

The dikes locally truncate primary igneous foliation and are sheared, 

folded, or associated with metamorphic hydration zones indicating that 

they were intruded either prior to or simultaneous with the deforma

tional episode. Those dikes that were subjected to metamorphism possess 

a foliation marked by alignment of accessory mafic minerals, and a 

strong lineation formed by elongated plagioclase phenocrysts. 

In thin section (Table 3, A-13-3, A-14-lb) the dikes are composed 

of large plagioclase phenocrysts up to 5 em across surrounded by a 
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TABLE 3. ESTIMATED MODES OF DIKES, INCLUSIONS, AND POST-METAMORPHIC VEINS FROM THE 
BELCHERTOWN COMPLEX. 

DIKES INCLUSIONS POST-METAMORPHIC 

Al3-3 Al4-lb A22-lc Al4-5a Al3-la 

Quartz 10 20 21 
Plagioclase 60 59 50 45 

(Mol% An)* (55-25) (45-25) (52-25) 
Potassic Feldspar 15 10 15 
Myrmekite tr 

' 

Augite 40 
Hornblende 5 5 3 
Biotite 5 5 5 2 
Muscovite 40 

-------·----~-·-----

Epidote 3 3 2 2 50 
Allanite tr 
Sphene 1 tr 1 4 
Opaque Hinerals 10 

Apatite tr 1 
Zircon tr tr 
Rutile 2 
Tourmaline 2 

Hg-chlorite 
Secondary Minerals $ 1 3 

Total 100 100 100 100 100 

* Determined by the technique of Michel-Levy (Deer, et. al., 1963). 
II Includes 5% of strongly pleochroic yellow epidote. 
$ Includes sericite, chlorite, and calcite 

VEIN 
A4lb 

"Altered" 
A37 Vein Zone 

15 3 
40 

10 
tr 

10 

15 5 
30 

451/ 45 4 

1 
2 1 

1 
1 

1 
1 

40 25 

100 I 100 100 

Ln 
1-' 



matrix of plagioclase, quartz and potassic feldspar. The phenocrysts 

are zoned from approximately An
50 

in the centers to An
25 

at 

the rims, and many of those in the more highly sheared rocks are totally 

sericitized. Matrix plagioclase is commonly highly included with tiny, 

euhedral epidote . Potassic feldspar is orthoclase or ortho-

clase microperthite, but some grains show incipient development of 

microcline tartan Quartz occurs as small granulated aggre-

, and in the sheared dikes appears to be strained, exhibiting 

undulatory extinction and crenulated grain boundaries. Blue-green 

hornblende surrounded a matrix of dark ultra-fine-grained material 

and granular streaks of epidote, hornblende, biotite, quartz, feldspars 

and opaques. Evidence of shearing is also present in the adjacent dike 

material as swirling streaks of ultra-fine-grained material and quartz

feldspar aggregates which increase in abundance toward the mylonitic 

contact. 

Dikes associated with small metamorphic hydration zones usually 

have a fine-grained mylonitic layer developed along one side (Fig. 11). 

In thin section (Table 3,A-22-lc) the mylonite is composed of porphyro

clasts of plagioclase, granulated quartz-feldspar aggregates and 

hornblende surrounded by a matrix of dark colored cryptocrystalline 

material and granular streaks of epidote, hornblende, biotite, quartz, 

feldspars, and opaques. Evidence of shearing is also present in the 

adjacent dike material as swirling streaks of cryptocrystalline 

material and quartz-feldspar aggregates which increase in abundance 

toward the mylonitic contact. 
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Inclusions 

Small inclusions or xenoliths of country rock are locally abundant 

within the main rock types of the Three Rivers railroad cut. They 

vary in size from 1 em to 50 em across, and are oriented parallel to 

the predominant foliation of the primary igneous or the metamorphic 

host rock. The most common inclusions are light gray or greenish gray 

in color and are finer-grained than their host rocks. At one locality 

a dark green, massive, highly magnetic inclusion approximately one foot 

across was found within the primary igneous monzodiorite. In several 

places this inclusion has been intruded by small dikelets of monzo

diorite liquid. 

In thin section the smaller, light-colored inclusions (Table 3, 

A-13-la, A-37) are composed mainly of irregular muscovite and euhedral 

epidote grains with accessory greenish brown biotite, tourmaline, 

sphene, rutile, and opaques. In some specimens a second, highly 

altered epidote is present and is strongly pleochroic from colorless to 

deep lemon yellow. This may represent an original constituent of the 

rock before incorporation by the Belchertown magma. Usually present 

around the edges of the inclusion is a thin reaction rim composed of 

extremely fine-grained aggregates of muscovite and epidote. These 

light-colored inclusions may represent highly reacted fragments of 

feldspathic schist. 

The large, dark green inclusion is composed of approximately equal 

parts of light green granular diopside and anhedral plagioclase (Table 

3, A-14-Sa). Opaque material, assumed to be magnetite, occurs as large, 

poikilitic crystals, and small rounded grains commonly surrounded by 
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thin rims of olive green hornblende. Epidote is the only accessory 

constituent. The monzodiorite which surrounds and intrudes the inclu

sion contains an unusually high proportion of quartz, probably result

ing from a chemical gradient set up during assimilation of the 

inclusion. The inclusion may represent a fragment of amphibolite 

which was stoped during intrusion and has been dehydrated by reaction 

with the relatively dry magma. 

Post-metamorphic Veins 

Although not extensively studied in this investigation, post

metamorphic shear zones and hydrothermal veins are quite common through

out the railroad cut. Particularly interesting are those which have 

produced zones of localized hydration in primary batholithic rocks, 

characterized by thin greenish veins up to 3 mm in thickness, on either 

side of which are hydrothermally altered zones up to one inch across 

defined by whitened feldspars (Fig. 13). 

In thin section the veins are composed of irregular anhedral grains 

of yellowish epidote intergrown with quartz and radiating fibers of 

greenish Mg-rich chlorite (Table 3, A-4lb). Effects of the hydrothermal 

alteration of the monzodiorite are most pronounced closest to the vein 

and include sericitized plagioclase and orthoclase microperthite, fine

grained chlorite pseudomorphs after hypersthene and augite, and biotite

chlorite intergrowths. As in the metamorphic hydration zones, the 

whitening of plagioclase can be correlated with the disappearance of 

fine dust particles and absence of magnetic susceptibility. 
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BULK CHEHISTRY OF MAIN ROCK TYPES 

Wet chemical analyses of primary batholithic, fully hydrated and 

recrystallized, and transitional rock types are given in Table 4. 

Although many of the specimens were collected from various localities 

throughout the batholith, these can be considered representative of the 

same metamorphic transformation as observed in the Three Rivers railroad 

cut (Table 1). The analyses represent the compositions of rocks with 

completely different mineral assemblages and, with the exception of H
2
o, 

the rocks are virtually isochemical with respect to all components. 

The slight variability in Sio
2

, CaO, and HgO proportions may represent 

the effects of mobile fluids during metamorphism and hydration, or 

minor differentiation of the Belchertown magma, but it is equally 

possible that the differences may be due to experimental error. The 

extent of metamorphism and recrystallization is reflected nicely in 

the relative concentration of H2o, which increases threefold from the 

primary monzodiorite to the granodiorite gneiss. 

Also given in Table 4 are computer-calculated CIPW norms for all 

analysed specimens. These are especially interesting from the point of 

view of the primary igneous bulk-chemistry. The proportion of normative 

quartz ranges from 3.45% to 10.49%, and in general reflects the slight 

degree of silica oversaturation of the primary magma. Normative 

plagioclase composition varies from An32 •9 to An
37

•7 , suggesting 

slightly more calcic values than those analytically determined. This 

is probably due to the assignment of all excess alumina to anorthite 

after making albite and orthoclase, ignoring the Al2o
3 

content of 
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TABLE 4. BULK-ROCK WET CHEMICAL ANALYSES AND COMPUTER CALCULATED CIPW NORHS FOR THE MAJOR ROCK TYPES OF THE BELCHERTOWN 
COMPLEX (Analyses provided by G .W. Leo of the U.S. Geological Survey). 

! Hypersthene- Augite- 1 Augite- Hornblende- I Hornblende- Hornblende-biotite 
j augite- hornblende-

1 
hornblende- biotite biotite Granodiorite 

i biotite biotite 1 biotit:e Granodiorite Granodiorite Gneisses 
todiorite Granodiorite 1 Granodiorite ('w/relict 

(w/relict hyp}! augite) 

~-6tz 95-3 I 99-z 85-1 I Al3-2 

ROCK ANALYSES 

I 
5102 57. 70* 57. 86* 58. 83* 59. 99* 58.8Bt 58.47* 59 .90* 59. nt 
Tw2 .66 .65 .61 .62 .65 .65 .66 .60 

A1zo3 15.03 15.28 16.05 15.99 15.47 15.38 15.54 15.45 

Fe2o3 1. 79 1.81 1.67 1.33 1.45 1.96 1.96 1.60 

FeO 3.41 3.08 3.02 3.53 3. 37 2.83 3.06 3.24 

MnO .09 .09 .08 .09 .09 .08 .09 .09 

MgO 6.54 5.83 5. 30 4.83 5.14 5.59 5.16 5.19 

CaD 6.94 6. 76 6.19 5.56 6.25 6.45 5.69 6.33 

Na2o 3.81 3.81 3.86 3.90 3.63 3.62 3.63 3. 62 

K2o 2. 73 2.98 2.49 2.29 3.05 3.21 2.55 3.03 

Pzos .49 .55 .45 .36 .49 .49 . 37 • 50 

HzO .33 • 75 • 77 .83 .91 .83 .98 .90 

COz .01 .01 .01 • 03 .04 .01 .01 .01 

F .09 .10 .08 .09 .09 .11 .12 .12 

C1 .02 .04 .03 .04 .03 .02 .02 .02 

Subtotal 99.64 99.60 99.44 99.48 99.56 99.70 99.69 100.47 

-o-F ,Cl .04 .05 .04 .05 .06 .05 .05 .05 

Total 99.60 "99.55 99.40 99.43 99.50 99.65 99.64 100.42 

~.2 

quartz 3.45 4.30 7.42 I 9.80 7.02 5.94 10.49 7.95 I 
orthoclase 16.26 17.84 14.93 

I 
13.74 18.30 19.21 15.28 18.01 

albite 32.49 32.65 33.14 33.50 31.19 31.02 31.14 30.80 
anorthite 15.97 15.99 19.39 19.65 17.17 16.44 18.84 17.05 
enstatite 10.82 9.53 10.22 I 10.06 9.00 9.51 10.38 8.94 
ferroailite 3.89 3.30 3.36 4.59 4.15 2.69 3.12 3.83 
diopsidel 12.07 11.16 6.83 4.64 8.61 9.90 5. 71 B. 75 
ilmenite 1. 26 1.25 1.17 1.19 1.25 1.25 1.27 1.15 
magnetite 2.62 2.66 2.46 1.96 2.13 2.88 2.88 2.33 
apatite 1.17 1.32 1.08 .87 1.16 1.16 .89 1.19 

Total l60:0ii 100.00 100.00 

• 355 • 356 
. 200 .258 

. Analyst: Elaine L. Brandt, U.S. Geological Survey 
Analyst: Edythe E. Engleman, U.S. Geological Survey 
Diopside is calculated by combination of Wo with En + Fs where the ratio En/ (En+Fs) consumed is that of the rock. 
Mole fraction 



amphiboles and pyroxenes which, in these rocks, are known to contain 

significant amounts of aluminum. The high percentage of normative 

orthoclase relative to modal orthoclase is due to abundant modal bio

tite. An important observation to be made here is the high Mg/Fe2+ 

ratio for such felsic rocks. This is seen in the bulk-rock analyses 

and in the calculated norms, which yield ratios of Fs/En+Fs (mole 

fraction) between .177 and .259. When FeO and Fe
2
o

3 
are combined for 

total Fe, the ratios Fe/(Fe+~Ig) lie between .301 and .354, and further 

. 3+ 2+ 3+ the rat1os Fe /(Fe +Fe ) are between .257 and .384. Thus the 

highly magnesian silicate chemistry of these rocks is in part the 

result of high temperature and high oxygen fugacity conditions during 

batholithic crystallization, and is discussed in more detail in a 

later section. 
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T.\JJLE 5. :UCROI'ROBE ANALYSES AND FORMULAE PER 8 OXYGENS FOR PLAGIOCLASE FELDSPARS FROM THE 
BELCHERTO\\TN COHPLEX. 

~onzodiorite (A21-2) 

Core 
1------

1 

CHE}fi CAL ANAL \LYSES 

Si0
2 

TiO 2 
AJ 2o3 
cr 2o3 
FeO* 

HnO 

HgO 

CaO 

Total 

60.46 

.02 

24.67 

.12 

.16 

. 01 

.oo 
6.01 

8.27 

.38 

100.10 

2 

61.07 

.06 

24.09 

. 07 

.09 

.oo 

. 04 

5.64 

8.58 

.35 
----

99.99 

Int. Rim 
-------
3 4 5 6 

61.20 60.79 60.91 61.34 

.02 .02 . 02 .01 

25.32 24.91 24.88 24.13 

.08 .11 .11 .09 

. 04 . 03 .11 . 03 

.01 .oo .01 .01 

.03 .02 .00 .02 

6.11 6.02 5.79 5.18 

8.22 8.50 8.62 9.34 

.41 .35 .41 .42 
- ---

101.44 100.79 100.86 100.57 

Granodiorite Gneiss (Al3-l) 

Core Int. 

7 8 9 10 

60.93 61.29 61.68 62.20 62.70 

.01 . 00 .01 . 00 .00 

25.04 2lf, 51 24.46 23.66 23.71 

. 04 .oo .08 .00 .10 

. 03 . 01 • 03 . 05 . 03 

.00 . 01 .00 .01 .00 

.05 .oo .00 .00 .oo 
5.74 5.59 5.36 4.93 4.67 

8.48 9.07 8.80 9. 72 9.44 

.18 .17 .19 .14 .19 

100.61 
-----

100.50 100.65 100.71 100.86 

63.34 

.00 

22.24 

.13 

.06 

.00 

• 05 

3.91 

10.17 

.14 

100.04 

lJ1 
00 



IONIC RATIOS 

Si 2.694 2.720 2.688 2.690 2.694 2. 719 2.696 2. 711 2. 724 2.748 2.759 2.808 

Ti .001 .002 .001 .001 .001 .001 .000 .000 .000 .000 .000 .000 

Al 1.296 1.265 1.311 1.299 1.297 1.269 1.306 1. 278 1.274 1.232 1.231 1.163 

Cr I .004 .002 .003 .004 .004 .003 .001 .000 .003 .000 .003 .005 

3.995 3.989 4.003 3.994 3.996 3.992 4.003 3.989 4.001 3.980 3.993 3.976 

Fe2+* .006 .003 .001 .001 .004 .001 .001 .000 .001 .002 .001 .002 

Mg .000 .003 .002 .001 .000 .001 .003 .000 .ooo .000 .003 .005 

Ca .287 .269 .288 .287 .274 .246 .272 .265 .254 .233 .220 .186 

Na I . 714 .741 .700 .729 .739 .803 .728 .778 .754 .833 .806 .874 

K I .022 .020 .023 .020 .023 .024 .010 .010 .011 .008 .011 .008 -- ---
1.029 1.036 1.014 1.038 1.040 1.075 1.014 1. 053 1. 020 1.076 1. 038 1.073 

Ab 69.8 71.9 69.2 70.4 71.3 74.8 72.1 73.9 74.0 77.6 77.7 81.8 
An 28.0 26.1 28.5 27.7 26.4 22.9 26.9 25.2 24.9 21.7 21.2 17.4 
Or 2.2 2.0 2.3 1.9 2.3 2.3 1.0 0.9 1.1 0.7 1.1 0.8 
An/Ab+An 28.6 26.6 29.2 28.2 27.0 23.4 27.2 25.4 25.2 21.9 21.4 17.5 

lJ1 
\D 

t! R.J. Tracy, analyst; ~.f.AC Hodel 400 electron microprobe, Massachusetts Institute of Technology, Cambridge. 
* Total Fe as FeO 



MINERALOGY 

Plagioclase 

Plagioclase is the main constituent of all the major rock types of 

the Belchertown Complex. In the monzodiorite, plagioclase occurs as 

large (up to 5 mm) subhedral laths which characteristically contain fine 

"dust-like" inclusions (Figs. 15, 16). With increasing metamorphic 

hydration and recrystallization, plagioclase decreases in abundance, 

becomes smaller and more granulated, and loses the "dust-like" inclu

sions. Optically determined compositions using several different 

techniques yield somewhat inconsistent results. Application of a'
001 

refractive indices to the determinative curve of Chayes (1952) give An
29 

(1.543) and An22 (1.540) for plagioclase from the monzodiorite and 

granodiorite gneiss, respectively. The Michel-Levy method (Deer et al., 

1966) gives An31 for plagioclase from both rocks. Assuming low 

structural state for plagioclase from both rocks, the values of 28(131) -

28(lJl) obtained from X-ray powder diffraction patterns yield composi

tions of An
30 

and An
24 

for the monzodiorite and the granodiorite gneiss, 

respectively (Bambauer et al., 1965). 

Electron microprobe analyses and calculated structural formulae for 

plagioclase feldspars from the monzodiorite (A-21-2) and the granodiorite 

gneiss (A-13-1) are given in Table 5, and are plotted on the feldspar 

ternary in Fig. 21. The analyses yield a range of compositions for both 

rocks, and thus do not clarify the inconsistencies indicated by the 

optical data. Considering this data in the broadest sense, the meta

morphic hydration and recrystallization seem to have caused only slight, 
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Fig. 21. Feldspar ternary showing compositions of microprobe analyses of plagioclase and 
potassic feldspar from the Three Rivers railroad cut. Circles-monzodiorite (A21-2), 
triangles-granodiorite gneiss (Al3-l). 
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if any, change in the plagioclase composition. This conclusion can be 

supported by hydration reactions involving the production of blue-green 

metamorphic hornblende which forms, in part, at the expense of plagio

clase, depleting it of both Ca and Na. The overall result of the 

chemical redistribution is to diminish noticeably the modal abundance 

of plagioclase causing only a minor decrease in average An content (Fig. 

21). The probe analyses also suggest a slight decrease inK content 

in the metamorphic plagioclase, possibly resulting from opening of the 

plagioclase-potassic feldspar miscibility gap. Despite considerable 

overlap, the data also strongly indicate that plagioclase from both 

rocks exhibits slight compositional zonation, with calcic cores and 

more sodic rims. 

An unsuccessful attempt was made using the reflected light ore 

microscope with high-power oil-immersion objectives to optically identify 

the dust-like material that apparently causes the reddish coloration 

of monzodiorite plagioclase. The tiny particles were observed to have 

moderately high reflectivity (R ~ 20%), but no other optical properties 

could be obtained. Microprobe analyses suggest that areas of high dust 

concentration (Fig. 16) are enriched in FeO and also perhaps Ti02 , 

although the data are somewhat inconclusive (Table 5). The dust parti

cles thus may be iron or iron-titanium oxide phases, and crude calcula

tions based on the amounts of FeO and Ti02 suggest that the exsolved 

phase could be some composition of titanohematite, which may have been 

originally dissolved in the feldspar structure and unmixed at lower 

temperature. This interpretation would also account for the red colora

tion of the monzodiorite plagioclase. With increasing metamorphic 
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hydration, plagioclase loses these "dust-like" inclusions, and this is 

accompanied by a change from reddish to whitish coloration of the 

feldspar. Also present within some plagioclase grains are minute, 

randomly oriented needles tentatively identified as rutile, based on 

the deep reddish color, seen particularly well in the larger needles. 

These do not show the same depletion with metamorphism, as they are 

contained in feldspars from both granodiorite gneiss and monzodiorite. 

Potassic Feldspar 

Orthoclase microperthite shows a gradual change of properties from 

the primary batholithic monzodiorites to the recrystallized equivalents. 

Exsolved plagioclase lamellae, which are most abundant in monzodiorite 

potassic feldspars, decrease in abundance with metamorphism, and in the 

granodiorite gneiss some feldspars are completely homogeneous. 2V 
X 

increases from approximately 45° in the monzodiorite to 60° in the more 

hydrated rocks; however, there is considerable variation in optic angle 

within individual thin sections. Many grains in the fully recrystal-

lized gneisses and in certain transitional rocks exhibit incipient 

development of microcline twinning. These properties are suggestive of 

a decrease in structural state of alkali feldspars with metamorphism, 

reflecting re-equilibration under more hydrous conditions or at lower 

temperature. This is confirmed by structural state characterization 

using the method of Wright (1968) and Wright and Stewart (1968), which 

involves comparison of unit cell parameters obtained by computer refine-

ment of X-ray powder diffraction data. Results for two-pyroxene 

monzodiorite (A-21), fully recrystallized hornblende-biotite granodiorite 



TABLE 6. SUMMARY OF POTASSIC FELDSPAR STRUCTURAL STATE DATA DETERMINED BY COMPUTER REFINEMENT OF 
X-RAY DIFFRACTION DATA. 

X-ray comp., (% Ab) 

3-Peak Structure 

Refined Structure 

b. be 

Quality (131) Peak 

a (A) 

b db 
c (A) 

a. CO) 

s (0) 

y (0) 

Cell Vol. (A3) 

A21 

17 

P50-56+ 

P50-56+ 

.676 

Very sharp 

8.547 ± .0048 

12.987 ± .0062 

7.189 ± .0042 

90 

115° 
58.918' ± 2.226' 

90 

717.315 ± .456 

Al3-2 Al3-l 

14.5 11 

SH 1070+1/4 SH 1070-l/ 3 

SH 107o-l/2 SH 1070-l/ 3 

.810 .797 

Very slight broadening Sharp 

8.561 ± .0046 8.569 ± .0023 

12.982 ± .0074 12.981 ± .0028 

7.205 ± .0032 7.203 ± .0014 

90 90 

116° 116° 
1.007' ± 2.759' 3. 768' ± 1.690' 

90 90 

719.619 ± .525 719.774 ± .254 

I 

C\ ..,_. 
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7.19 
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Fig. 22. b-e plot of alkali feldspars from the primary two-pyroxene 
monzodiorite (A-21), the fully recrystallized hornblende
biotite granodiorite gneiss (A-13-1), and a transitional 
hornblende-biotite granodiorite (A-13-2). Structural state 
increases toward lower right. Unit cell parameters 
obtained by computer refinement of X-ray powder diffraction 
data. Upper diagram shows position of enlarged b-e plot. 
Modified from Wright and Stewart (1968). 
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TABLE 7. ELECTRON MICROPROBE ANALYSES AND FORMULAE PER 8 OXYGENS FOR POTASSIC FELDSPARS 
FROM THE BELCHERTOWN COMPLEX. 

CHEMICA 

SiOz 

TiOz 

Al2o3 
cr2o3 
FeO* 

MnO 

MgO 

CaO 

BaO 

Na2o 

KzO 

Total 

Core 
l/1 

L ANALYSES 

65.64 

.08 

19.89 

.00 

.01 

. 00 

. 00 

.63 

1.27 

2.51 

11.61 

101.63 

Monzodiorite (A21-2) 

Int. 

zi' 311 4t 

62.02 62.30 62.44 

.09 .14 .12 

15.40 18.13 18.28 

.17 .oo .06 

.10 .16 .11 

. 05 .09 .05 

.09 . 07 .06 

.61 .19 .11 

.22 .32 .30 

2.30 1. 64 1. 38 

12.02 13.28 13.59 

93.07 96.32 96.50 

Granodiorite Gneiss (A13-l) 

Rim 

5/l 6t 7/1 8t 9# 1ot 

64.96 64.22 65.16 64.04 64.03 60.24 

.11 .14 .06 .05 .06 .10 

19.01 19.43 18.46 18.95 18.57 19.43 

.oo .00 .00 .00 .00 .00 

.06 .09 .03 .01 .02 .10 

.03 . 01 .00 .00 .oo .07 

.04 .oo . 07 .07 .13 .06 

.oo .00 .02 .00 .oo .04 

1.47 1. 74 1.72 1. 66 1. 66 . 57 

1.13 1.02 1.41 1.35 1. 30 1.13 

12.93 13.12 13.68 13.96 14.26 13.71 

99.75 99.78 100.62 100.09 100.03 95.45 

1111 

61.09 

.52 

17.96 

.00 

.37 

.08 

.05 

.03 

.54 

1.04 

13.80 

95.48 

t R.J. Tracy, analyst; MAC Model 400 electron microprobe, University of Connecticut, Storrs. 
tf R.J. Tracy, analyst; Mac Model 400 electron microprobe, Massachusetts Institute of Technology, 

Cambridge. 
* Total Fe as FeO 0\ 

0\ 



1 

IONIC RAT :Ios 

Si 

Ti 

Al 

Cr 

Fe* 

Mg 

Ca 

Ba 

Na 

K 

Ab 
An 
Or 
Cn 

2.96 

.oo 
1.06 

.00 

4.02 

.00 

.00 

.03 

• 02 

. 22 

.67 

• 94 

.233 

.031 

.713 

.023 

Core 

* Total Fe as FeO 

Monzodiorite (A21-2) 

Int. Rim 

2 3 4 5 

3.06 2.98 2.98 2.99 

.oo • 00 .00 .oo 

.90 1.02 1.03 1.03 

• 01 .oo .00 ~ 
3.97 4.00 4.01 4.02 

.oo .01 .oo .00 

.01 .oo .oo .00 

.03 .01 .oo .00 

.01 .01 .01 • 02 

.22 .15 .13 .10 

.76 .81 .83 .76 

1.03 .99 .97 .88 

.216 .155 .132 .113 

.032 .010 .005 .000 

.744 .824 .853 .859 

.008 .011 .010 .028 

6 7 

2.97 3.00 

.oo .00 

1.06 1.00 

~ • 00 

4.03 4.00 

.oo .00 

.00 .00 

.oo .00 

. 03 . 03 

.09 .12 

.77 .80 

.89 .95 

.101 .131 

.000 .ooo 

.864 .837 

.035 .032 

Granodiorite Gneiss (Al3-l) 

8 9 10 

2.97 2.98 2.92 

.oo .oo .00 

1.03 1.02 1.11 

.oo .oo .00 

4.00 4.00 4.03 

.00 .oo .00 

.00 .oo .00 

.00 .00 .00 

.03 .03 .01 

.12 .12 .11 

.82 .84 .85 

. 97 .99 .97 

.124 .117 .110 

.000 .000 .002 

.845 .853 . 877 

.031 .030 .011 

11 

2.96 

.02 

1.02 

.00 

4.00 

.02 

.00 

.00 

. 01 

.10 

.85 

.98 

.102 

.001 

.887 

.010 

0\ 
"'-J 



gneiss (A-13-1), and a transitional hornblende-biotite granodiorite 

(A-13-2) are summarized in Table 6, and plotted in Fig. 22. All three 

feldspars plot within the range of natural orthoclases, but those from 

the more hydrated rocks are distinctly lower in structural state, 

plotting between the Spencer B and SH 1070 series. This may be an 

indication that inversion to the lower structural state occurred as a 

discontinuous transformation at the onset of metamorphic hydration. 

However, in studying feldspars from an intrusion of similar paragenesis, 

Fox and Moore (1969) report that the structural state ef alkali feld

spars shows a gradual change with increasing metamorphic hydration. 

A more thorough study on feldspars from the entire batholith is needed 

to clarify these aspects. 

Electron microprobe analyses and calculated structural formulae 

for potassic feldspars from the monzodiorite and the granodiorite gneiss 

are given in Table 7, and are plotted on Fig. 21. Although the analyses 

performed at the University of Connecticut have low summations, 

attributed mostly to low Si02 values, the Ca, Na and K ratios are 

believed to be accurate. Analysis spots for monzodiorite microperthites 

were chosen on grains which showed well developed zonations of plagio

clase lamellae (Fig. 17). Analyses representing homogeneous areas free 

of exsolution (A-21-2 "rim" analyses, Table 6) have compositions of 

approximately or
89

Ab
11

• With increasing concentration of lamellae, the 

analyses plot in a trend toward a calcic oligoclase similar in composi

tion to the coexisting plagioclase (Fig. 21). There is some indication 

that metamorphic potassic feldspars may be slightly less potassic than 

those from the primary rocks; however, as in the case of the plagioclase 
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analyses, there is considerable overlap (Fig. 21). The data do indicate 

that all potassic feldspars are calcium-poor, with An content less than 

0.5 mole percent. The MIT results yield rather high Ba concentrations, 

the significance of which is unknown at this time. 

Pyroxenes 

Coexisting augite and hypersthene are distinctive and character

istic constituents of the primary monzodiorite. Optical properties of 

both pyroxenes as determined using both oil-immersion and thin section 

petrographic techniques are given in Table 7, and yield hypersthene and 

augite compositions of Fs 31 and Wo
47

En
36

Fs
17

, respectively, when 

applied to standard determinative curves (Hess, 1941, 1952). 

Augites characteristically contain three sets of exsolution 

lamellae which were observed optically and have been identified by X-ray 

single crystal precession photographs as (100) orthopyroxene lamellae 

and two sets of finer pigeonite lamellae (Jaffe, Robinson, Tracy and 

Ross, 1974). The pigeonite lamellae are not oriented parallel to (100) 

and (001) as commonly believed, but lie at small angles to these planes, 

and are termed "100" and "001" lamellae (Robinson, Jaffe, Ross and 

Klein, 1971). The angles can be conveniently measured on grains lying 

69 

on (010) which display crystallographically controlled features indicative 

of the (100) plane and/or the c-axis such as traces of (110) prismatic 

cleavage, (100) orthopyroxene lamellae, or (100) twin lamellae. Optical 

measurements of exsolution angles are given in Table 8. "100" pigeonite 

lamellae are very well developed in most augite grains, and occur as 



hypersthene augite 
I 
1 

a. 1.689 1.688 I 

a 1. 700 1.694 

y 1. 704 1. 715 

calculated 2V 61.8° (-) 56.8° (+) 

dispersion r<v,weak r>v, mod. 

z 1\ c 48° 

"001" 1\ c 120° 

"100" 1\ c 12.5° 

"100" 1\ 11001" 132.5° 

Table 8. Optical properties and angles of orientations of 
exsolution lamellae for pyroxenes from the monzodiorite. 
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very thin, closely spaced planar phases which form a "herringbone" 

pattern across multiple twin planes. "001" pigeonite lamellae are some-

what less common, but where present form thick, stubby lamellae that 

are more widely spaced than the "100" set. Orthopyroxene lamellae 

parallel to (100) are coarse and closely spaced, and in some grains are 

restricted to the central regions, possibly reflecting a relict composi-

tional zonation. Jaffe, Robinson, Tracy and Ross (1974) have shown that 

the orientation of fine pigeonite lamellae can be correlated with the 

Fe-Mg ratios of coexisting orthopyroxenes, and are in close agreement 

with calculated optimal phase boundaries. Furthermore, it may be 

possible to use these exsolution angles as indicators of temperature 

and pressure conditions during crystallization or metamorphism (Robinson, 

Jaffe, Ross and Klein, 1971). 

Coexisting hypersthene contains coarse, closely spaced augite 

lamellae parallel to (100) which are best seen on (010) of the host. 

Similar to the augite, some grains have a high concentration of lamellae 

in their centers, but have homogeneous edges free of exsolution. 

Chemical analyses and structural formulae of augites are given in 

Table 9, and hypersthenes in Table 10 and are plotted on the pyroxene 

quadrilateral in Fig. 23. In general there is good agreement between 

optically determined compositions and electron microprobe and wet 

chemical analyses; however, the augite composition obtained by applica

tion of S refractive index and calculated 2V data to the determinative 
z 

curves of Hess (1949) deviates slightly from the chemical analyses. The 

analyses plotted in Fig. 23 indicate a relative fractionation of Fe into 

the orthopyroxene, and is consistent with pyroxene pairs studied by 
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TABLE 9. CHEMICAL ANALYSES AND FORMULAE PER 6 OXYGENS FOR AUGITES 72 
FROM THE MONZODIORITE (SPECIMEN A-21). 

1$ 

NALYSES CHEMICAL AN 

Si02 
Ti02 
Al2o

3 
cr2o3 
Fe2o3 
FeO 

MnO 

MgO 

NiO 

CaO 

Na2o 

K
2

0 

Li20 

H;D+ 
2 

H o-2 

Pzos 
Total 

IONIC RATI 

Si 
p 

Al 

Al 
Ti 
Cr 
Fe3+ 
FeZ+ 
Mn 
Hg 
Ni 
Ca 
Na 
K 
Li 

fe** 
ca/111 

OS 

I 

51.59 

.12 

2. 71 

.00 

8.78* 

.26 

14.85 

.00 

21.58 

.89 

.00 

100.79 

1. 91 

.09 
2.00 

.03 

.00 

.00 

.27* 

.01 

.82 

. 00 

. 86 

.06 

.00 

2.06 

25.5 
43.9 

z$ 3$ 

49.96 51.39 

.00 .00 

2.90 2.42 

.oo .12 

8.84* 9.34* 

.22 .24 

14.26 15.27 

.00 .00 

21.07 20.33 

1.01 .80 

.oo .00 

100.06 98.26 

1. 90 1. 92 

.10 .08 
2.00 2.00 

:o3 .03 
.oo .oo 
.oo .oo 

.28* .29* 

.01 .01 

.81 .85 

.oo . 00 

. 86 . 91 

.08 . 06 

.00 .oo 

2.06 2.07 

26.4 26.1 
43.9 41.3 

4$ Wet-Chemical 
Analysis# 

50.37 51.07 

.17 .43 

2.75 2.83 

.18 .08 

3.33 

8.94* 5.95 

.32 .21 

15.00 13.91 

.00 . 03 

21.57 20.66 

1.08 .70 

.00 .04 

.01 

.so 

.39 

.22 

100.39 100.36 

1. 88 1.905 
.007 

.12 .088 
2.00 2.000 

. 01 .036 

.00 .012 

.00 .002 
.093 

.28* .186 

.01 .007 

. 84 .773 

.00 .001 

.86 . 826 

.08 .051 

.00 .002 
.002 

2.09 1. 991 

25.7 20.0 
43.2 46.1 

$ R.J. Tracy, analyst; MAC Model 400 microprobe, U.Conn., Storrs. 
If Shiro Imai, analyst; Japan Analytical Research Institute. 
* Total Fe as FeO 

** fe = 100(Fe2++Mn)/(Fe2++Mn+Mg) 
## ca = 100 Ca/(Ca+Fe2++Mn+Mg) 



TABLE 10. CHEMICAL ANALYSES AND FORMULAE PER 6 OXYGENS FOR ORTHO
PYROXENES FROM THE MONZODIORITE (SPECIMEN A21). 

1$ 2$ 3$ 4$ Wet-Chemical 
CHEMICAL AN. NALYSES Analysis II 
Si02 52.00 52.75 52.24 52.57 51.64 

Ti02 .12 .13 .00 .18 .22 

Al203 1.39 1. 53 1.55 1.42 2.25 

cr2o3 .oo .17 .27 .00 

Fe2o3 1.83 

FeO 20.08* 20.20* 19.93* 19.97* 17.72 

MnO .62 .63 .67 .59 .44 

MgO 25.46 26.23 26.05 25.86 23.09 

NiO .oo . 07 . 04 .oo 
CaO .68 .69 .80 .72 1.80 

BaO .02 • 02 .OS • 02 

Na2o .10 .16 .09 .06 .07 

K2o .oo .oo .oo .00 . 06 
H2o+ .06 

H2o- .36 

Total 100.48 102.58 101.70 101.40 100.08 

IONIC RATI OS 

Si 1. 92 1. 91 1. 90 1. 92 1. 921 
Al .06 .06 .07 .06 .079 

1. 98 1. 97 1.97 1. 98 2.000 

Al .020 
Ti .00 .oo .oo .00 .006 
Cr + 
Fe3 
Fe2+ 

.00 .00 .01 .00 
.051 

. 62* .61* .61* .61* .551 
Mn • 02 .02 . 02 .02 .014 
Hg 1.40 1.41 1.42 1.41 1.280 
Ni .00 .00 .oo .00 
Ca .03 .03 .03 .03 .072 
Na .01 .01 .01 .00 .oos 
K .00 .oo .00 .00 .003 

2.08 2.09 2.09 2.07 2.002 

fe** 31.4 30.9 30.7 30.9 30.6 
calli! 1.4 1.4 1.4 1.4 3.8 

$ R.J. Tracy, analyst; MAC Model 400 microprobe, U.Conn.,Storrs. 
# Shiro Imai, analyst; Japan Analytical Research Institute. 
* Total Fe as FeO 

** fe = 100(Fe2++Mn)/(Fe2++Mn+Mg) 
II# ca = 100 Ca/(Ca+Fe2++Mn+Mg) 
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Fig. 23. Pyroxene quadrilateral showing compositions of coexisting 
pyroxenes from monzodiorite specimen A21-2. Closed 
circles- electron microprobe analyses, closed squares-
wet chemical analyses, open squares- wet chemical analyses 
recalculated with all Fe as FeO. Numbers refer to 
microprobe analyses given in Tables 8 and 9. 
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Kretz (1963) and Jaffe, Robinson, Tracy and Ross (1974). Probe analyses 

were performed on an augite grain containing a well developed zonation 

of exsolution lamellae, and spots were chosen on areas both rich in and 

devoid of (100) orthopyroxene lamellae. The analyses which incorporated 

large amounts of lamellae (#'s 3 and 4, Table 8) are slightly to dis

tinctly lower in calcium, and plot along tie-lines joining analyses free 

of orthopyroxene lamellae and those of coexisting orthopyroxene grains 

(Fig. 23). This may be an indication that the (100) orthopyroxene 

lamellae in augite hosts are very similar in composition to the coexist

ing orthopyroxene. An attempt was made to obtain similar results on 

zoned hypersthene grains, however the analyses yield constant values of 

Ca/(Ca +Fe+ lm + Mg) (Table 9, Fig. 23). The microprobe analyses 

plotted in Fig. 23 are apparently more ferroan than the wet chemical 

analyses; however, this is a result of calculating ionic ratios of 

microprobe analyses with total Fe as FeO. This apparent discrepancy is 

especially true of the augite analysis, which contains a larger concen

tration of ferric iron than the hypersthene. The wet chemical analyses, 

recalculated with total Fe as FeO so that they are plotted in the same 

way as the microprobe analyses, show slightly more iron rich composi

tions (Fig. 23). 

Other discrepancies between wet chemical and electron probe 

analyses can be explained by impurities in the mineral concentrates (see 

Introduction - Purification of Mineral Separates for Wet Chemical 

Analysis). The unusually high Ca content of hypersthene can be attri

buted to 1.8% of augite impurity, and the high K content of augite can 

be accounted for by .2% of biotite impurity. Although avoided in 
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selecting spots for microprobe analysis, thin ilmenite plates believed 

to be late low temperature exsolution products from both pyroxenes, are 

included in the separates sent for wet chemical analysis, and are 

assumed to be responsible for the relatively higher Ti values compared 

to the probe analyses. The wet chemical analyses then, although 

including various impurities, may represent compositions closer to those 

of the original pyroxenes before unmixing of pyroxene and ilmenite 

lamellae. Also found in rare pyroxene grains are rod-like inclusions 

of what is presumed to be magnetite (Fig. 28). The origin and signi

ficance of these inclusions are yet to be determined. 

Hornblende 

The olive-green hornblende present in the monzodiorite occurs as 

large poikilitic grains with highly variable morphology, from irregular 

anhedra to euhedral crystals with well developed terminations, and is 

assumed to be a late-stage, primary igneous crystallization product. 

Because of its low modal abundance (Table 1) it was impossible to 

separate sufficient pure material for refractive index determination 

or wet chemical analysis. Optical properties obtained from thin 

sections are given in Table 11. 

In addition to the olive-green igneous hornblende, the primary and 

certain transitional rock types contain a second blue-green hornblende 

which occurs as reaction rims around and as pseudomorphs after hyper

sthene and augite, and has the same appearance and optical properties 

as the hornblende present in the fully recrystallized assemblage. These 

textures suggest that the blue-green hornblende is a product of 
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X 

y 

z 
I 

y 

13 

a 

2V 
X 

dispersion 

z A c 

Igneous 
Hornblende 

tan 

brownish-
green 

olive-
green 

70-75° * 

r<V, 
strong 

33° 

* estimated 
t calculated 

Metamorphic 
Hornblende 

tan 

olive-
green 

blue-
green 

1.664 

1.656 

1.645 

80,4°t 

r>v, 
mod. 

29° 

Table 11. Optical properties of igneous and meta
morphic hornblendes from specimens A-21 
and A-13-1, respectively. 
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metamorphic hydration reactions, and this conclusion is supported by 

the drastic increase in its modal abundance from the monzodiorites to 

the granodiorite gneisses (Table 1). Optical properties determined 

using oil-immersion techniques are given in Table 11. 

Chemical analyses and calculated structural formulae for both 

varieties of hornblende are given in Table 12. Ionic ratios for the 

microprobe analyses have been adjusted by calculating the amounts of 

ferric iron needed to plot the analyses along a line representing the 

range of common hornblende compositions as suggested by Robinson, Ross 

and Jaffe (1971). The line represents the locus of compositions 

having a constant ratio of A-site occupancy to tetrahedral Al of .30, 

and joins end member compositions of actinolite (A-occ.=O; tet. Al=O), 

and "ideal hornblende" (A-occ.=.6; tet. Al=2). The compositions of 

igneous and metamorphic hornblendes before and after correction on this 

basis are plotted in Fig. 24 together with the wet chemical analysis. 

The wet chemical analysis of metamorphic hornblende calculated on the 

basis of 23 oxygens yields an excellent correlation with the average of 

corrected metamorphic hornblende microprobe analyses. The wet chemical 

analysis recalculated with total Fe as FeO agrees with the uncorrected 

probe analyses (Fig. 24). There is some indication, then, that the 

correction procedure provides reasonable estimates of ferric-ferrous 

ratios, A-occupancy, and tetrahedral Al values. In several of the 

formulae there is an indication that the ferric correction has been 

slightly too large, resulting in the assignment of Ca to the M(l,2,3) 

sites, which is objectionable on crystal chemical grounds. In view of 

the fact that the wet chemical analysis also shows this assignment, 
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TABLE 12. ONE WET CHEMICAL AND TEN ELECTRON MICROPROBE ANALYSES WITH FORMULAE PER 23 OXYGENS FOR IGNEOUS 
Al~D METAMORPHIC HORNBLENDES FROM THE BELCHERTOWN COMPLEX. 

CHEMICAL ANAL ,YSES 

Si02 
Ti02 

Al2o3 
Fe2o3 
Cr2o3 
FeO 

MnO 

MgO 

NiO 

GaO 

BaO 

Na2o 
K2o 
H o+ 2 
H2o-

P2o5 
F 

Cl 

Subtotal 

-O=F,Cl 

Total 

Igneous Hornblende (A21-2) 

lff 21! 31! 41! 5ff 61! Avg. 
1-611 

46.20 44.75 45.73 45.67 45.26 45.64 45.54 

1.21 1.39 1.47 1.26 1.32 1.14 1.30 

10.27 9.64 10.32 9. 72 10.03 9.75 9.96 

.14 .10 .07 .10 . 07 .09 .10 

12.57* 12.38* 12.63* 12.64* 12.47* 12.88* 12.60* 

.18 .12 .12 .14 .16 .18 .15 

14.09 14.73 14.28 13.58 14.02 13.89 14.10 

11.16 11.11 11.18 10.80 11.45 11.17 11.14 

.10 .14 .16 .07 .06 .08 .10 

1.69 1.87 1.71 1.86 1.86 2.13 1.85 

1.28 1.25 1.31 1.26 1.31 1.27 1.28 

98.89 97.47 98.~ 97.10 98.01 98.22 98.12 

Metamorphic Hornblende (Al3-l) 

10/f 
Wet 

711 811 gil Avg. Chemicalt 
7-gll Analysis 

50.07 47.51 49.41 47.83 48.71 48.01 

.20 .33 .39 .48 . 34 39 

6.53 7.44 6.48 8.18 7.16 7.19 

4.05 

. 05 • 08 .04 .08 .06 . 06 

11.87* 12.64* 12.32* 12.75* 12.39* 8.31 

.25 .26 .22 .26 .24 .22 

14.65 13.37 14.34 14.08 14.11 14.48 

.03 

11.94 11.87 11.97 11.73 11.88 12.14 

tr 

.91 1. 74 1.35 1.39 1.34 .86 

.59 .84 .73 .89 .76 .57 

2.44 

.63 

.06 

.10 

.07 

99.61 

. 06 

97.06 96.08 97.25 97.67 96.99 99.55 
I 

I -..,J 

\.0 



IONIC RATIOS 

Si 
p 

Al 
E (T site) 

Al 
Fe3+$ 
Ti 
Cr 
Mg 
Ni 
Fe2+ 
Mn 
Ca 
E M(l,2,3) 

Mn 
Ca 
Na 

E M(4) 

Na 
K 
E (A site) 

OH 
F 
Cl 

Igneous Hornblende (A21-2) 

111 21f 3/f 41/ 511 6ft Avg. 
1-6/f 

6.604 6.478 6.539 6.646 6.524 6.558 6.558 

1. 396 1.552 1.461 1. 354 1.476 1.442 1.442 
8.000 8.000 8.000 8.000 8.000 8.000 8.000 

.335 .123 .279 .313 .228 .209 .248 
(.649) (.927) (.695) (.699) (.829) (.937) (.787) 
.130 .151 .158 .138 .143 .123 .141 
.016 .011 .008 .012 .008 .010 .011 

3.002 3.178 3.048 2. 945 3.012 2.974 3.026 

.854 . 572 .816 .839 .675 .611 .730 

.014 .015 . 002 .017 . 020 .022 . 018 
.022 .036 . 086 .113 .038 

5.000 5.000 5.000 5.000 5.000 5.000 5.000 

. 007 .012 
1. 709 1. 701 1. 713 1. 648 1.682 1.607 1.681 

.283 .299 .275 .352 .318 .393 .319 
2.000 2.000 2.000 2.000 2.000 2.000 2.000 

.185 .226 .199 .172 .202 .200 .198 

.233 .231 .239 .234 .241 .233 .235 

.418 .457 .438 .406 .443 .433 .433 

Metamorphic Hornblende (Al3-l) 

7ff 8# 9# 10/f Avg. 
7-9# 

7.244 6.963 7.139 6.904 7.065 

.756 1.037 .861 1.096 .935 
8.000 8.000 8.000 8.000 8.000 

.358 .248 .242 .297 .290 
(.259) (.736) (.525) (.582) (.520) 
.022 .036 .042 .052 .037 
.006 .009 .005 .009 . 007 

3.159 2.920 3.088 3.031 3.050 

1.177 .813 .963 .958 .983 
.019 .032 .027 .032 .029 

.107 .040 .083 ---
5.000 5.000 5.000 5.000 5.000 

.012 
1. 851 1.660 1. 746 1. 776 1. 763 

.137 .340 .254 .224 .237 
2.000 2.000 2.000 2.000 2.000 

.118 .154 .124 .165 .140 

.109 .157 .135 .164 .141 

.227 .311 .258 .329 .281 

Wet 
Chemical 
Analysist 

7.032 
.007 
.961 

8.000 

.281 

.446 

.043 

.007 
3.161 

.004 
1.018 

. 027 

.014 
5.000 

1.891 
.109 

2.000 

.136 

.107 

.243 

2.348 
.046 
.017 

2.447 

I 

' 
00 
0 



Igneous Hornblende (A21-2) Hetamorphic Hornblende (Al3-l) 

X 

y 
z 
x+y 
w 
w/(x+y) 
x/z 
x/(x+y) 

fe** 
antt 
Fe3+j(Fe3++Fe2+) 

lll 

.418 
1.260 
l. 396 
l. 679 

.283 

.169 

.300 

.249 

.226 

.785 

.432 

211 311 

.457 .438 
1.364 l. 297 
l. .552 1.461 
1.821 l. 736 

.299 .275 

.164 .158 

.300 .300 

.251 .253 

.156 .214 

.767 .783 

.618 .460 

411 5/l 611 

.406 .443 .433 
1.300 l. 351 1.403 
1.354 1.476 1.442 
l. 706 1. 794 1.836 

.352 .318 .393 

.207 .177 .214 

.300 .300 .300 

.238 .247 .236 

.225 .187 .175 

.762 .773 .743 

.455 .551 .605 

Avg. 711 811 gil 1oll Avg. 
1-611 7-911 

.433 .227 .311 .258 .329 .280 
1.328 .666 1.066 .857 .992 .891 
1.442 .756 1.037 .861 1.096 .935 
l. 761 .893 1.377 1.116 1.321 1.172 

.319 .137 .340 .254 .224 .237 

.181 .154 .247 .228 .170 .202 

. 3QQ I , 3QQ .300 .300 .300 .300 

.246 .254 .226 .232 .249 .239 

.198 .277 .225 .243 .246 .249 

.769 .879 .790 .831 .823 .830 

.519 .180 .475 .353 .378 .346 

II R.J. Tracy, analyst; HAC Hodel 400 electron microprobe, Hassachusetts Institute of Technology. 
t Shiro Imai, analyst; Japan Analytical Research Institute. 
* Total Fe as FeO. 
$ Fe3+ for microprobe analyses (in parentheses) calculated from ideal hornblende stoichiometry 

and charge balance considerations. 
** fe = (Fe2++Hn)/(Fe2++Hn+~~). 
tt an= Ca/(Ca+Na). 

x =Total of Na +Kin the A site (A occupancy). 
y = Total of Al + Fe3+ + cr3+ + 2Ti in the M(2) site. 
z = Total of Al + P in the T (tetrahedral) site. 
w = x+y-z = Na in M(4) site. 

wet 
Chemical 
Analysist . 

.243 

.820 

.961 
1.062 

.101 

.095 

.300 

.228 

.249 

.886 

.305 

' 

00 
1-' 
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Fig. 24. Plot of A occupancy versus tetrahedral Al for calcic amphiboles 
showing effect of ferric iron correction procedure for 
microprobe analyses of igneous and metamorphic hornblendes. 
Circles- microprobe analyses, squares- wet chemical analysis, 
W- wet chemical analysis recalculated with all Fe as FeO. 
Diagram modified from Robinson and Jaffe (1969). 
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further slight adjustments of the structural formulae were not deemed 

worthwhile. 

The igneous hornblende compositions are closer to "ideal horn

blende," having higher A-occupancy and tetrahedral Al th~n the meta

morphic hornblendes, and these differences are reflected in the relative 

amounts of Si0
2

, A1 2o
3

, Na2o, and K2o (Table 12). In addition, the 

igneous hornblendes require a larger correction to bring the analyses 

onto the linear trend (Fig. 24), resulting in a higher amount of calcu

lated ferric iron and a higher ferric~ferrous ratio. In general, the 

igneous hornblendes are less calcic and more magnesian compared with 

the metamorphic hornblendes as indicated by the relative values of 

Ca/Ca+Na and (Fe+Mn)/(Fe+Mn+Mg) in Table 12. Other significant differ

ences include higher Ti and lower Mn contents in the igneous hornblendes. 

The significance of these compositional differences in relation to 

chemical redistributions and metamorphic reactions is discussed under 

"Chemographic Relations." 

Biotite 

Biotite from the primary igneous monzodiorite occurs as large 

poikilitic plates, morphologically suggestive of late-stage igneous 

crystallization. With metamorphism, bioti~e recrystallizes to smaller, 

flaky aggregates aligned subparallel to the metamorphic foliation. 

There appears to be a continuous change in biotite color from the monzo

diorite (X = pale tan; Z = Y = brown) to the granodiorite gneisses (X = 

pale tan; Z = Y =olive green), and certain transitional rocks contain 

biotites of both colors in complex intergrowths. Refractive index 
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TABLE 13. TWO WET-CHEMICAL AND SIX ELECTRON MICROPROBE ANALYSES WITH FORHULAE PER 11 OXYGENS (WET ANALYSES 
PER 12 OXYGENS) FOR IGNEOUS AND METAHORPHIC BIOTITES FROM THE BELCHERTOWN COMPLEX. 

1$ 

CHEMICAL ANA cLYSES 

SiOz 

Tio2 
Al2o3 
Fe2o3 

Cr2o3 
FeO 

MnO 

MgO 

CaO 

Baa 

Na 2o 

K2o 

Li
2

0 

H o+ 2 
H2o-
F 

Cl 

Subtotal 

-O=F,Cl 

Total 

39.58 

3.23 

14.79 

.12 

12.16* 

.11 

17.43 

.00 

.77 

.28 

9.65 

98.13 

Igneous Biotite (A21-2) 

z$ 3$ Wet-Chemical 
Analysis// 

40.07 39.70 38.33 

3.05 3.46 4.00 

15.14 14.52 14.56 

2.59 

.10 .14 

12.42* 11. 76* 11.03 

.04 .03 . 06 

16.63 16.82 15.51 

.oo .oo .44 

.71 .77 present 1 

.18 .28 .15 

9.67 9.42 9.56 

.01 

2.36 

.30 

. 56 

.28 

99.74 

.30 

98.00 96.88 99.44 

Metamorphic Biotite (Al3-l) 

4$ 5$ 6$ Wet-Chemical 
Analysis# 

38.57 38.41 38.73 38.41 

1. 39 1.41 1.41 1. 52 

14.58 13.79 14.05 15.17 

3.00 

. 05 .12 .14 

14.38* 14.41* 14.52* 12.01 

.20 .15 .18 .16 

15.44 15.71 15.41 15.38 

.11 .01 .05 .75 

.21 .15 .16 present 1 

. 03 .00 . 03 .23 

9.14 9.40 9.25 8.85 

.03 

3.45 

.33 

.36 

.14 

99.79 

.18 

94.09 93.54 93.95 99.61 

OJ 
.:::--



IONIC RATIOS 

Si 
Al 

Al 
Ti 
Cr 
Fe3+ 
Fe2+ 
Mn 
Mg 
Li 

Ca 
Na 
K 
Ba 

OH 
F 
Cl 

fe** 
Fe3+Jpe3++Fe2+ 

1$ 2$ 

2.839 2.871 
1.161 1.129 
4.000 4.000 

.134 .150 

.172 .164 

.006 .004 

.728* .745* 

.006 .002 
1. 863 1. 775 

2.909 2.840 

.038 .023 

.882 .883 

.021 .019 

.941 .925 

.283 .296 

3$ Wet-Chemical 
Analysis II 

2.873 2.885 
1.127 1.115 
4.000 4.000 

.111 .176 

.187 .227 

.006 
.146 

• 711* .694 
.000 .004 

1.813 1. 740 
.003 

2.828 2.990 

.035 
.038 .022 
.868 .918 
.021 
.927 .975 

1.185 
.133 
.036 

1.354 

.282 .286 
.174 

5$ 6$ 7$ Wet-Chemical 
Analysis# 

2.987 2.911 2.919 2.859 
1.103 1.089 1.081 1.141 
4.000 4.000 4.000 4.000 

.187 .140 .166 .190 

.077 .080 .080 .085 

.002 .006 .006 
.168 

.902* .912* .913* .747 

.011 .009 .011 .001 
1. 729 1. 774 1.731 1. 706 

.009 
2.908 2.921 2.907 2.906 

.006 .002 .060 

.002 .004 .033 

.875 .907 .889 .840 

.004 .002 .004 

.887 .909 .899 .933 

1. 712 
.085 
.017 

1.814 

.346 .342 .348 .305 
.184 

$ R.J. Tracy, analyst; MAC Model 400 electron microprobe, Massachusetts Institute of Technology, Cambridge. 
II Shiro Amai, analyst; Japan Analytical Research Institute, Tokyo 
* Total Fe as FeO 

** fe = (Fe2++Mn)/(Fe2++Mn+Mg) 
1 Determined by qualitative spectrographic analysis; Japan Analytical Research Institute, Tokyo. 
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determinations yield values of r~e of 1.637 and 1.624 for brown biotite 

in monzodiorite and olive green biotite in granodiorite gneiss, 

respectively. 

Chemical analyses and calculated structural formulae for igneous 

and metamorphic biotites are given in Table 13. The microprobe analyses 

indicate that the metamorphic green biotite is slightly more iron-rich. 

and this is confirmed by the wet chemical data, which show a slight 

increase in both ferric and ferrous iron in the metamorphic variety. 

Although the differences in iron contents may be quite significant in 

considerations of metamorphic reactions and chemical redistributions, 

the values are not divergent enough to explain the difference between 

the indices of refraction of the two biotites. Furthermore, the meta

morphic biotite has a higher Fe/(Fe+Mg) ratio, which would tend to 

raise and not lower the index of refraction. The higher index of the 

igneous biotite is attributed solely to its higher Ti0
2 

content which 

greatly increases the specific refractive energy (Jaffe, 1956). The 

color differences of the two biotites can also be attributed to the 

relative Ti02 content (Hall, 1941). Other significant chemical differ

ences between the two biotites include higher Na, Ba, OH, F and Cl, 

and lower Mn values in the igneous biotite. The high Na and Ca contents 

present in the wet chemical analysis of the metamorphic biotite can be 

attributed to contaminants of sphene, plagioclase and hornblende in the 

purified concentrate. The significance of differences in OH and halogen 

values between igneous and metamorphic biotites have yet to be explained. 
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Epidote 

Epidote first appears in transitional rocks as small inclusions in 

plagioclase grains and is apparently the product of a metamorphic hydra-

tion reaction involving augite and plagioclase reactants. In the fully 

recrystallized rocks, epidote occurs as euhedral crystals which commonly 

contain partially metamict allanite cores. Some grains show evidence 

of compositional zonation, exhibiting variable optical properties. 

Epidotes are characteristically pleochroic (X = colorless; Z = yellow-

green) with varying intensity and color in the more highly zoned 

crystals. 2V varies between 70 and 75 degrees and all grains show 
X 

very strong dispersion (r>v). 

Electron microprobe analyses and calculated structural formulae 

for two epidotes from the granodiorite gneiss are given in Table 14. 

The analyses were performed on two separate grains and the results show 

considerable difference in Fe3+ to A1 ratios. Compositions vary from 

.754 to .895 of the maximum possible substitution of 1 formula unit 

3+ 3+ octahedral Fe for Al (assuming total Fe as Fe ). These values may 

represent either compositional zonation or chemical variations from 

grain to grain within individual specimens. Hall (1973) reports an 

optically determined composition of Fe3+/Fe3++(2AlVI) = .75 for epidote 

from a similar rock obtained by application of the measured beta index 

of refraction (S= 1.746) to the determinative chart of Troger (1971). 

This composition shows a good correlation with analysis #2 in Table 13. 

Opaque Minerals 

The most abundant opaque phases in the monzodiorite are anhedral, 
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TABLE 14. ELECTRON MICROPROBE ANALYSES# AND FORMULAE PER 12.5 
OXYGENS FOR EPIDOTES FROM THE HORNBLENDE-BIOTITE 
GRANODIORITE GNEISS (SPECIMEN A13-1). 

CHEMICAL ANALYSES 

Si02 
Ti02 
A12o3 
Fe2o3* 
Cr2o3 
HnO 

MgO 

NiO 

CaO 

BaO 

Na
2
o 

K2o 
Total 

IONIC RATIOS 

Si 
Al 

A1 
Ti 
Fe3+* 
Cr3+ 

Mn 
Mg 
Ca 
Ba 
Na 
K 
Ni 

Fe3+/(Fe3++Al) 
Fe3+/Fe3+(2-A1VI) 

1 

37.41 

.05 

23.18 

15.97 

.16 

. 21 

.13 

.63 

21.72 

.02 

. 07 

. 03 

99.58 

2.954 
.046 

3.000 

2.111 
.003 
.949 
.010 

3.073 

.014 

.015 
1. 837 
(.0004) 
• 011 
. 003 
. 040 

1. 920 

.310 

.895 

2 

37.41 

.08 

25.33 

13.41 

.10 

.16 

.14 

.32 
I 22.74 

99.69 

2.924 
.076 

3.000 

2.257 
.005 
.788 
.006 

3.056 

.011 

. 016 
1. 904 

.020 
1. 951 

.259 

.754 

# R.J. Tracy, analyst; MAC Model 400 electron microprobe, University 
of Connecticut, Storrs. 

* Total Fe as Fe2o3 
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irregular grains of what appear to be primary magmatic titanohematite 

containing two sets of ferri-ilmenite exsolution lamellae (Figs. 25, 26, 

27). The titanohematite host is white to light grayish-white in color, 

with weak bireflectance (reflection pleochroism), distinct anisotropy, 

and reflectivity about 25%. Thin lamellar twins are commonly developed 

parallel to (0001) of the titanohematite host. 

Exsolved ferri-ilmenite is light brown to deep chocolate-brown 

in color, with distinct light brown to darker pinkish-brown bireflec

tance, strong light grayish-brown to deep chocolate-brown anisotropy, 

and reflectivity about 15 to 20%. Ferri-ilmenite always forms two sets 

of exsolution lamellae: a broad, elongate set, commonly containing 

very fine white titanohematite lamellae; and a finer set, usually 

linearly developed within the titanohematite host (Figs. 25, 26, 27). 

These textural relations are suggestive of two separate exsolution 

episodes. 

In several grains, broad ferri-ilmenite lamellae are partially or 

totally decomposed to very fine-grained intergrowths of rutile + 

hematite. The rutile is dark gray in color, with low reflectivity, 

strong bireflectance and anisotropy, and well developed yellow internal 

reflections. Usually surrounding the altered area is a thin depletion 

zone where fine ilmenite lamellae appear to be 11 cleaned out." These 

features are interpreted as localized areas of subsolidus oxidation 

caused by low temperature alteration or weathering. 

Magnetite is present in four textural forms in the monzodiorite: 

1) small inclusions in intergrown hematite-ilmenite grains, 2) large 

discrete grains, 3) vermicular intergrowths in silicates, and 
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Fig. 25. Titanohematite (white) with two sets of ferri-ilmenite 
exsolution lamellae (gray). Reflected light. 

Fig. 26. Titanohematite - ferri-ilmenite intergrowth showing small 
subhedral titanomagnetite inclusion (medium gray) with 
ferr i-ilmenite rim. Reflected light. 
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Fig. 27. Titanohematite- ferri-ilmenite intergrowth showing small 
subhedral titanomagnetite inclusion (medium gray) with 
ferri-ilmenite rim. Note very fine titanohematite lamellae 
in ferri-ilmenite rim. Reflected light. 

,, 

Fig. 28. Augite with rod-like inclusions of titanomagnetite. 
Simultaneous incident and transmitted light. 
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4) rod-like inclusions in pyroxenes. All forms have the same general 

optical properties. 

Small, subhedral titanomagnetite inclusions in intergrown hematite

ilmenite grains are usually surrounded by a wide rim of ferri-ilmenite 

that contains very fine titanohematite lamellae (Figs. 26, 27). The 

titanomagnetite is isotropic, yellowish-brown in color, and has a 

reflectivity between that of hematite and ilmenite (~ 20%). Discrete 

titanomagnetites are large~ anhedral grains that are completely devoid 

of any oxidation features. Wormy, symplectic intergrowths of titano

magnetite are usually seen in augite grains, and less commonly with 

hypersthene or biotite. Also present within some pyroxene grains are 

rod-like inclusions of titanomagnetite, which when viewed under 

simultaneous incident and transmitted light appear as thin, elongated, 

highly reflective areas where they intersect the polished surface, and 

can be seen plunging down into the interiors of the pyroxene grains 

(Fig. 28). The rods usually possess a preferential orientation which 

probably bears some crystallographic relationship to the pyroxene 

structure. The geometrical relations and their possible significance 

are yet to be determined. 

Also present in the primary batholithic rocks are trace amounts of 

sulfides, the most abundant of which is pyrrhotite. This phase forms 

narrow elongate grains that are yellow in color and have a very high 

reflectivity. Minor amounts of other sulfides are also present, but 

their identities have yet to be determined. 

A single grain of exsolved titanohematite (Fig. 27) was selected 

for microprobe analysis from a polished grain mount on the basis of size 
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and availability of undecomposed coarse ferri-ilmenite lamellae, and 

areas of homogeneous hematite host (Fig. 27). This grain also contains 

a fairly large inclusion of magnetite. Representative analyses from 

this grain are given in Table 15 and plotted in Figure 29. The ilmenite 

analysis is from one of the very coarse lamellae and probably includes 

some of the very fine-grained titanohematite lamellae that are barely 

visible in Figure 27. The titanohematite analysis is from one of the 

large areas of this phase and special care was taken to avoid impinging 

on any of the medium-sized ilmenite lamellae visible in Figure 27. The 

Fe
2
o

3 
content of titanohematite was calculated assuming ideal stoichio

metry and this was calculated back into the oxide analysis together with 

an additional Bence-Albee correction for the additional oxygen. The 

high analyti~al sum suggests this correction was slightly overdone. 

Even with such a correction pure Fe
2
o

3 
would ideally yield 89.98 weight 

percent FeO. In order to obtain a bulk analysis of the lower part of 

the grain, composed mainly of titanohematite with medium-sized ilmenite 

lamellae, the sample holder was rapidly oscillated by hand so that the 

electron beam scanned back and forth across the lower part of the grain 

many times during the 2 1/2 minutes required for analysis. Although 

this technique violates many of the precepts of electron probe analysis, 

the results in this case seem reasonably satisfactory and the estimated 

bulk composition for this part of the grain is probably quite accurate. 

Four analyses of the magnetite in Figure 27 indicate it is very homo

geneous. A representative one, also with the ferric corrections 

discussed above, is given in Table 15. 
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TABLE 15. ELECTRON MICROPROBE ANALYSES AND FORMULAE FOR OPAQUE 
MINERALS FROM THE MONZODIORITE. 

1 2 3 4 

Ilmenite$ Hematite$ Oscillation$ Magnetite$ 

* CHEMICAL ANALYSES 

FeO 41.55 10.93 15.55 31.60 

Fe2o
3 

8.58 77.59 67.42 65.95 

Ti0
2 

48.17 12.70 18.02 • 83 

MnO .75 .17 .23 .12 

cr2o
3 

.14 .57 .60 .86 

Al203 .06 .14 .13 .22 

Si0
2 

.10 .11 .08 .14 

MgO .61 .21 .26 .14 

CaO .03 .06 .04 .07 

Total 99.99 102.48 102.33 99.93 

* IONIC RATIOS 
2+ 

.877 . 233 .331 1.015 Fe3+ 
Fe .163 1.491 1.291 1.905 
Ti .914 .244 .345 .024 
Mn .016 .004 .005 .004 
Cr .003 .012 .012 .026 
Al .002 .004 .004 .010 
Si .003 .003 .001 .005 
Mg .023 .008 .010 .008 
Ca .001 .001 .001 .003 

2.000 2.000 2.000 3.000 

Ilm .918 . 247 .333 
Hem .082 .753 .667 
Mag .975 
Usp .025 

1.000 1.000 1.000 1.000 

$ R. J. Tracy, analyst; MAC Model 400 electron microprobe, Massachu
setts Institute of Technology, Cambridge. 

* Recalculated assuming ideal stoichiometry. 
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(Rutile) 

~~ 8 

~0~ 
•• 

FeO F: O Fe20 3 
(Magrretrte) (Hematite) 

Fig. 29. Ti0
2
-Fe0-Fe

2
o

3 
ternary diagram showing analytically determined 

compositions of ilmenite and titanohematite lamellae, and 
magnetite from grain shown in Figure 27. Composition A is 
estimated hypersolvus composition of ilmenite-hematite solid 
solution based on modal analysis of exsolved grains. Composi
tion B represents oscillation analysis of bulk composition of 
upper part of grain in Figure 27, believed to have been 
titanohematite composition following earliest phase of 
ilmenite exsolution. 
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An estimation of the original titanohematite composition before any 

unmixing was obtained by point counting large exsolved grains. This 

gave 60% hematite host, 40% ilmenite lamellae. Assuming host and 

lamellar compositions of Ilm. 245 and Ilm.
915 

(Table 15) respectively, 

original high temperature composition is calculated to have been Ilm. 51 

Hem.
49

. This compares with the results of the oscillation analysis of 

Ilm.
35 

Hem.
65 

which probably represents a hematite composition following 

the earliest coarse exsolution. 

With increasing metamorphism and hydration, the percentage of 

opaque minerals decreases to virtually nil in the fully recrystallized 

rocks (Table 1). In certain transitional rocks, reaction textures were 

found which indicate that the opaque minerals were involved in the meta

morphic transformation. Titanohematite grains which contain extremely 

fine ferri-ilmenite exsolution lamellae and no broad lamellae as in the 

primary monzodiorites seem to be restricted in occurrence to within 

blue-green metamorphic hornblendes. In almost every case, the oxide is 

separated from the hornblende by a thin rim of dark grayish sphene. 

This texture is suggestive of approximately the following hydration 

reaction: titanohematite +augite+ plagioclase+ H20~sphene + 

hornblende. The texture of the oxide exsolution intergrowths in these 

transitional rocks is distinctly different from that present in the 

primary monzodiorite, and thus indicates that the titanohematite may 

have been homogenized during or prior to the reaction, and subsequently 

re-exsolved after the production of a sphene reactant. A reaction of 

this sort would deplete the oxide of titanium, and this may explain the 

decrease in ferri-ilmenite in titanohematite hosts. 
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Magnesioriebeckite 

The bluish amphibole alteration product developed along thin 

cracks in the primary monzodiorite was found to be too fine-grained for 

optical identification, but X-ray powder diffraction techniques suggest 

that it is an alkali amphibole. X-ray data and unit-cell parameters 

as determined by computer refinement are given in Table 15. Comparison 

of b and £ unit cell dimensions and S angle values with data given by 

Ernst (1962, 1963) and Robinson, Jaffe, Ross and Klein (1971) indicate 

a composition close to magnesioriebeckite with some substitution toward 

. . 3+ VI . VI 3+ 2+ 2+ 
r~ebeckHe (Fe /Al + T1. +Fe ) = 1; (Fe /Hg + Mn +Fe ) = .2-.3. 

The a cell dimension and unit cell volume suggest an arfvedsonite- type 

substitution (Table 16). 



28 I/I d(R) hkl (obs.) 0 

10.465 100 8.446 llO 

23.550 15 3. 774 121 

24.235 15 3.669 221 

27.165 30 3. 280 240 

27.950 60 3.189 300 

31.725 40 2.818 330 

35.500 5 2.526 341 

40.400 10 2.231 431 

45.885 15 1.976 181 

51.260 5 1. 781 371 

51.460 5 1. 774 322 

54.985 20 1.668 462 

Magnesioarfved- Magnesia- Magnesia- Riebeckite-
sonite (Robinson, riebeckite riebeckite Riebeckite Arfvedsonite 

et. al. , 1971) (This study) Ernst (1963) Ernst (1962) Ernst (1962) 

a (A) 9.885 9.861 :t .006 9.73 9.73 9.85 
b (A) 18.006 17.98 :t .01 17.95 18.06 18.15 
c (A) 5.295 5.317 :1: .005 5.30 5.33 5.32 
a co) 104.04 103.67 :t .04 103.3 103.3 103.2 

cell vol. (!) 914.23 915.9 :1: • 7 901 913 926 
i 

Table 16. X-ray powder diffraction data and unit cell parameters determined by computer refinement for 
magnesioriebeckite (space group c2;m). 
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PETROLOGY 

Chemographic Relations 

In the broadest sense, the transformation which converted the pri-

mary igneous mineralogy to the new metamorphic assemblage can be con-

sidered as a complex chemical redistribution which took place by a series 

of hydration reactions that were isochemical with respect to all major 

components except H2o. In attempting to understand some of the details 

of this transformation, certain "sub-reactions" for which there is 

abundant petrographical evidence may be portrayed graphically on two-

and three-dimensional diagrams and projections. Primary, transitional, 

and metamorphic mineral assemblages are plotted using analytically 

determined compositions where possible, and "ideal" compositions where 

the data are lacking. 

The most apparent mineralogical change between the primary igneous 

and fully recrystallized rocks involves the breakdown of pyroxenes and 

the formation of blue-green hornblende and epidote. This is shown in 

Fig. 30 as modified ACF diagrams bearing the following apices for 

purposes of plotting analysed mineral formulae and rock analyses: 

A = Al + Fe3+ + 2Ti + Cr - Na - K - Li; C = Ca + Ba; F = Fe
2+ + Mg + 

Mn + Ni - Ti. The "A" apex thus represents the sum of all trivalent 

cations from which the monovalent alkali metals are subtracted. In this 

way all plagioclases except albite, for example, plot at A(2/3) C(l/3), 

and deviations from this point are caused by small amounts of the minor 

elements (Fe, Mg, etc.). Ti4+ is treated in coupled substitution with 

Fe2+ as two "mean" trivalent ions. Thus two times the amount of Ti4+ 

99 



60 

50. 

40, 

Ca•Ba 

Ca•Ba 

.. 
AI • Fe

3
• • 2Ti •Cr -Na-K-li 

so 

BO 

70 

.60 

[]Wet-Chemical Analyses 

0 Microprobe Analyses 

• Bulk- Rock Analyses 

IGNEOUS 

~ 
,:,)~ 

/' t Bulk-Rock 
',:.l, Analyses 
' ' -..,:,.} 

Igneous~ 
Hornblende -

Augite 

Qlo 

50 

.40 

Ca•Ba 

Orthopyroxene Qj 

50 

AI • Fe
3

• •2Ti ·Cr-Na -K- Li 

.90 

80, eo 

70 

60 

METAMORPHIC 

\ 

\ 
\ 

~ 
PRIMARY 

ASSEMBLAGE 

"" "" 

b- --

50 

0 

"" 
"" 

.30 

Metamorphic~ 
0 

Jiornblende "'-

720 

"" ~--4.10 

Fe
2
'•Mg•Mn•Ni-Ti 

Ca•Ba ~-------------------=-----~ 
·Mg•Mn•Ni-Ti 

Fig. 30. }fudified ACF diagrams showing analytically determined mineral and whole rock compositions 
for the primary two-pyroxene monzodiorite and the fully recrystallized hornblende-biotite 
granodiorite gneiss. 

I-' 
0 
0 



is added to the "A" apex, and an amount of "F" equivalent to one Ti4+ 

is subtracted from the "F" apex (Robinson, Ross and Jaffe, 1971). 

Changes from the primary assemblage of orthopyroxene + augite + 

plagioclase to the metamorphic assemblage of blue-green hornblende + 

epidote + plagioclase are shown as taking place by means of two 

qualitatively expressed reactions: 

orthopyroxene + augite + plagioclase + H
2
o 

----~~· blue-green hornblende + quartz (1) 

augite + plagioclase + H
2
o 

----~~~blue-green hornblende+ epidote+ quartz (2) 

Reaction (1) causes the destruction of orthopyroxene, resulting in the 

assemblage: augite + blue-green hornblende + plagioclase, which is 
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quite common in transitional rocks (Hall, 1973). Further evidence for 

the early consumption of orthopyroxene is seen in continuous thin

sections across local metamorphic hydration zones (specimens A-22-2a-2j), 

These show fine-grained amphibole pseudomorphs after hypersthene coexist

ing with only partially altered augite. The wormy, quartz-hornblende 

intergrowths, which occur closely associated with the pyroxenes as 

reaction rims and pseudomorphs, may be considered a direct result of 

this reaction. Furthermore, the involvement of plagioclase as a 

reactant and quartz as a product in reactions (1) and (2) can be 

related to the gradual modal plagioclase depletion and quartz enrichment 

with metamorphic hydration (Fig. 14). 

Reaction (2) destroys all augite in rocks of this composition and 

yields the final metamorphic assemblage: blue-green hornblende + 



epidote + plagioclase. Detailed work on transitional 

lithologies by Hall (1973) shows that the appearance of epidote post-

dates the destruction of this observation is confirmed 

here (see Table 1). Epidote first appears as small in plagio-

clase grains in rocks containing altered augite and no hyper-

sthene. Chemical analyses of as in Fig. 30 

confirm these general relations and details of the cation 

redistribution. 

The composition of the o hornblende is shown in 

Fig. 30 for comparative purposes, its influence on metamorphic 

reactions is severely limited low modal abundance. With respect to 

the blue-green metamorphic hornblende, the hornblendes are 

somewhat richer in octahedral and (Table 11), which 

accounts for their relative on the ACF diagrams in Fig. 30. 

It should be emphasized, however, that there is no analytical control 

on the oxidation state of Fe in igneous hornblendes, because the Fe3+ 

was calculated on the basis of A-site and occupancy (Fig. 24). On 

the other hand, an unusually ferric-rich hornblende is con-

sistent with the model of highly conditions of crystallization 

proposed for the monzodiorite cussed further so these 

differences in hornblende are real. 

Analyses of coexisting and shown in Fig. 30 

indicate some of their differences: contains a slightly higher 

. VI IV 3+ proport1.on of Al , Al , and Fe , and hence falls closer to the "A" 

apex. Comparison of these analyses with other published analyses (Deer, 

Howie and Zussman, 1963; Jaffe, Robinson and , 1974) show that 
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. . Al d 3+ b these phases conta~n average an Fe totals, and elow average Ti 

totals (Tables 9 and 10). To account for the compositions of the meta-

morphic hornblende and epidote, therefore, additional sources for these 

cations are needed. Plagioclase is a likely source of Al for horn-

blende as well·as epidote, and the close association of plagioclase and 

epidote confirms this. The high Ti content of metamorphic hornblende 

can be attributed to the breakdown of magmatic titanohematite and the 

gradual depletion of Ti in the biotite resulting in the change in color 

from brown to green. However, a considerable portion of the Ti from 

biotite must go toward the production of sphene, as suggested by their 

intimate association in the transitional rocks. The major bearers of 

ferric iron in the primary rocks are biotite, titanohematite, and 

olive-green hornblende. In the metamorphic rocks, both epidote and 

blue-green hornblende show considerable Fe3+ substitution for Al. Wet 

chemical analyses of biotites, however, indicate an increase in 

3+ 3+ 2+ Fe /Fe +Fe (Table 12) with metamorphism, suggesting that only 

igneous hornblende and titanohematite can supply Fe3+ to metamorphic 

epidote and blue-green hornblende. Calcium is believed to have been 

supplied to epidote and hornblende by plagioclase and augite. The role 

of sodium in the chemical redistribution is seen in the average plagio-

clase composition, which changed from An27 •9 in the primary monzodiorite 

to An24 •2 in the granodiorite gneiss, and there is considerable overlap 

(Fig. 21). The modal percentage of plagioclase decreases with meta-

morphism, however, and the Na thus liberated is taken up mostly by 

blue-green metamorphic hornblende. 
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Bulk rock wet chemical analyses are also plotted on Fig. 30. It 

should be noted that their positions in terms of the three apices in 

the modified ACF diagrams are slightly misleading because they do not 

fall within the area of intersection of the igneous and metamorphic 

three-phase regions. The reason for this is that biotites, which con

stitute approximately 10 modal percent of both ·rocks, are not plotted 

as participating phases on the modified ACF diagrams in Fig. 30. 

Shown in Fig. 31 are a series of three ACF diagrams illustrating 

the proposed sequence of metamorphic hydration reactions (reactions 1 

and 2, previously discussed). The transitional topology is based on 

petrographically observed assemblages for which no analytical data are 

available. A likely bulk rock composition, based on the overlap of 

igneous and metamorphic phase regions and observed modal variations, 

is shown as an "x" on Fig. 31. 

For the purpose of simultaneous evaluation of Fe-Mg fractionation 

and Ca and Al contents of participating phases, the ACF triangle may be 

expanded to form an ACFM tetrahedron. The geometrical relations are 

most conveniently seen on a projection from some ubiquitous phase 

(Thompson, 1957). In this case plagioclase is chosen (Green, 1960; 

Robinson and Jaffe, 1969; Robinson, Jaffe, Klein and Ross, 1969) because 

of its presence in all assemblages and its negligible change in composi

tion with metamorphic hydration. Compositions within the tetrahedron 

are projected onto the Ca-Mg-Fe plane as shown in Fig. 32, and in this 

way, the more aluminous hornblendes plot closer to the Mg, (Fe+ Mn) 

baseline. Robinson and Jaffe (1969) indicate that the resulting projec

tion can be considered a true phase diagram only if the following 
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projection from plagioclase (anorthite) onto the Ca, Mg, 
(Fe+Mn) plane as used in Fig. 33 (after Robinson, Jaffe, 
Klein and Ross, 1969). 
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conditions are satisfied: 1) all assemblages must contain quartz and 

plagioclase, 2) plagioclase composition must have no effect on that of 

the other phases, and 3) components other than those used in the projec-

tion must be negligible. The projection may still be used, however, for 

topologic comparison of phase assemblages, despite the fact that the 

·latter two conditions are not satisfied. For plotting the chemical 

analyses Fe + Mn and Mg are treated separately. To avoid difficulties 

with the treatment of Ti, analyses are plotted on the basis of two 

ratios: 
2+ 2+ 

C/(C +F) and (Fe + Mn)/(Fe + Mn + Hg), where C = Ca- 1/2 

(Al + Fe3+ + 2Ti + Cr - Na - K - Li) and F = Fe2+ + Mn + Mg + Ni - Ti. 

For the first of these, the amounts of Ca and Al are arranged so as to 

make the anorthite projection point equal to zero. This yields Ca -

1/2 Al to which are added the trivalent and quadrivalent cations and, 

as in the ACF diagram, the alkalis are subtracted to account for the 

sodic and potassic feldspar content of plagioclase. Chemical analyses 

of phases in the primary two-pyroxene monzodiorite and in the 

hornblende-biotite granodiorite gneiss are plotted on this basis in 

Fig. 33. 

Metamorphic hornblendes plot quite close to the primary two-

pyroxene tie-line on the plagioclase projection diagrams. This is in 

agreement with the proposed hornblende-producing reactions, because the 

pyroxenes supply most if not all of the necessary Fe
2
+ and Mg for the 

metamorphic amphibole, and the Fe2+/Mg+Fe2+ ratio of the pyroxenes is 

thus inherited by the hornblende. The ferric iron content of the 

pyroxenes is not sufficient to account for the high proportion of Fe3+ 

in metamorphic hornblende. As previously explained, the major sources 
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of Fe3+ for the blue-green hornblende are titanohematite and the igneous 

amphibole, the latter being much less important because of low modal 

percentage. In support of this conclusion there is ample textural 

evidence for the following reaction: 

titanohematite + augite + plagioclase + H
2

0 

----~>~sphene+ blue-green hornblende (3). 

The chemographic topologies for metamorphic hydration are shown in 

Fig. 34 as a sequence of plagioclase projection diagrams representing 

primary, transitional, and metamorphic phase assemblages. On these 

diagrams the transformation can be visualized as a series of alternating 

three- and two-phase regions sweeping across a constant bulk composition 

point (marked by an "x" in Fig. 34). Viewed this way, the fields of 

pyroxene stability gradually shrink toward the C, (Fe + Mn) edge as the 

hornblende field expands with increasing metamorphic hydration and 

recrystallization. Hornblende analyses indicate an increase in Fe2+; 

2+ . 3+ (Mg+Fe +Mn) and Ca content, and a decrease 1n Al and Fe contents 

(Table 11, F~g. 33) from igneous to metamorphic hornblendes. This is 

conveniently represented on the projection diagrams as a slight expan-

sion of the hornblende field toward the "Ca" apex simultaneous with its 

encroachment toward more Fe-rich compositions. However, as previously 

discussed, relations between the two hornblendes may not be as simple 

as this, due to the rather low modal abundance and resulting questionable 

participation of igneous hornblende in this type of exchange reaction. 

The situation would be clarified by analyses of hornblendes from transi-

tional rocks. 
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monzodiorite to metamorphic hornblende-biotite granodiorite 
gneiss. Bulk composition based on overlap of phase regions 
and observed modal variations is shown as an "x." 
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Although individual "sub-reactions" conveniently represented on 

appropriate graphical diagrams are useful for evaluating the metamorphic 

transformation with regard to specific textural features, chemical 

redistributions, and intermediate assemblages, the overall reaction 

equating the primary igneous rocks with the fully hydrated and recrystal

lized metamorphic equivalents can be considered of equal importance. 

This net reaction is approximately as follows: 

augite + orthopyroxene + plagioclase + high Ti-biotite + 

olive-green hornblende + titanohematite + magnetite + H
2
o 

----~>~ blue-green hornblende + quartz + epidote + low 

Ti-biotite + potassic feldspar + sphene (4). 

This reaction is schematic because it is based on changes in modal per

centages of constituent minerals from the primary to the fully hydrated 

rocks. Variations in the percentages of certain minerals are rather 

small, so that the placement of these phases on either side of the 

reaction is speculative at best. For example, one would think that bio

tite rather than potassic feldspar would be favored as a product of 

metamorphic hydration, whereas the point-counted modes given in Table 1 

indicate that the reverse is true. However, this conclusion must be 

regarded with caution, as the percentage of these phases is probably 

somewhat variable, and larger numbers of accurate modal analyses are 

needed to resolve the question. Despite this, the overall reaction does 

summarize the major effects of metamorphic hydration. Due to the iso

chemical nature of the transformation, it may be possible to formulate 
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a balanced overall reaction using the analysed compositions of all 

participating phases; however, this would require exact knowledge of 

the Fe3+/Fe2+ ratios of minerals accessible only to the microprobe, 

and is not attempted here. 

Conditions ~ Nagmatic Crystallization 

The textural and mineralogical character of the primary rocks in 

the Belchertown batholith are suggestive of crystallization from a 

relatively anhydrous, slightly silica-saturated magma under conditions 

of high temperature and oxygen fugacity, and moderate pressure. These 

primary igneous monzodiorites contain a two-pyroxene - quartz -

potassic feldspar assemblage, thus bearing a resemblance to many 

charnockites and enderbites indicative of granulite facies equilibration. 

High f
0 

conditions are suggested by the presence of magmatic 
2 

titanohematite, the high Fe3+ content of igneous hornblende, and the 

magnesian composition of the coexisting pyroxenes. Analytically 

determined compositions of coexisting titanohematite and magnetite lie 

beyond the determined curves of the geothermometer-oxygen barometer of 

Buddington and Lindsley (1964) but suggest high temperature (800-1000°C) 

and a high f
0 

somewhere between the nickel-nickel oxide and hematite-
2 

magnetite oxygen buffers. Because the monzodiorite contains the 

assemblage biotite-magnetite-potassic feldspar, the equation of Wones 

and Eugster (1965) modified by Czamanske and Wanes (1973) may be used 

to make estimates of fH 0 during crystallization. However, fH 0 calcu-
2 2 

lations between 600° and 900°C using these two buffers as limits give 

fH 
0 

values from tens of bars to hundreds of kilobars. Thus,until more 
2 
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precise information on temperature and oxygen fugacity is worked out, 

calculations of fH 0 by this method will be relatively pointless. 
2 

High f 0 crystallization conditions are consistent with the highly 
2 

magnesian pyroxene compositions. This is shown schematically in Fig. 35, 

which represents a portion of the system Fe-Mg-0-Si on which are plotted 

the compositions of hematite, magnetite, and orthopyroxene (ferrosilite 

is isochemical with fayalite +quartz). Tie lines and three-phase 

regions represent isobars of oxygen fugacity, the highest f
0 

shown as 
2 

the hematite-enstatite tie-line, and the lowest, the (quartz-fayalite)-

magnetite tie-line. Lines radial from the oxygen apex have constant 

iron-magnesium ratios and represent paths along which bulk compositions 

can be oxidized or reduced. A likely composition for the primary 

monzodiorite, based on observed modal percentages and analyzed ortho-

pyroxene composition is shown as an "x" in the three-phase region 

hematite-magnetite-orthopyroxene (En
70

Fs
30

). Relatively small changes 

in f 0 are expressed as large changes in pyroxene composition, although 
2 

in the Belchertown monzodiorites, oxygen fugacity is buffered by the 

titanohematite-magnetite equilibrium, resulting in constant Fe/Mg 

ratio of orthopyroxene. In a detailed petrologic study of a granitic 

intrusion in Norway which underwent strong oxidation during magmatic 

differentiation, Czamanske and Wanes (1973) report a similar ortho-

pyroxene composition (En65Fs
35

) in the earliest monzonite phase. Differ

ences between this intrusion and the Belchertown batholith are under 

study, as is the origin of the high f 0 in these rocks. 
2 
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Fig. 35. Si02-saturated portion of the system Mg0-Fe0-Si02-0 indicating 
schematic redox relations between coexisting oxides and 
orthopyroxenes. Tie-lines and three-phase fields represent 
fo 2 isobars, increasing from right to left. Dashed lines 
radial from the oxygen apex represent paths along which bulk 
compositions will be oxidized or reduced. Approximate 
bulk composition for Belchertown monzodiorite is shown as 
an "x". Actual f02 of Belchertown assemblage is considerably 
less than that of hematite-magnetite-orthopyroxene assemblage 
shown because of major ilmenite solid solution in hematite. 
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Conditions of Metamorphic Hydration 

Contemporaneous with or just subsequent to batholithic crystal-

lization, the major portions of the Belchertown complex were subjected 

to an episode of progressive hydration and recrystallization in response 

to kyanite grade regional metamorphism. The transformation took place 

by means of cataclasis, hydration and recrystallization along pervasive 

shear zones of varied size and morphology leaving only relict central 

areas unaffected. Structural features of the metamorphic shear zones 

more or less conform to those of the surrounding country rocks, thus 

supporting a pretectonic or syntectonic origin for the batholith. 

Mineralogically, the conversion is considered as a large-scale hydra-

tion, isochemical with respect to all major components except H
2
o and 

this is confirmed by bulk-rock data and wet-chemical and electron 

microprobe analyses of mineral species participating in the overall 

reaction. The post-crystallization history of the Belchertown Intrusive 

Complex is considered to be one of continuously decreasing temperature 

and increasing PH 0 , although no quantitative estimation of late meta-
2 

morphic conditions is offered at this time. 

The aluminosilicate mineralogy of a three-mile long inclusion of 

pelitic schist (Fig. 2) described by Guthrie (1972) gives some suggestion 

of P-T conditions. In the outermost mile the schist contains kyanite 

similar to that in the country rocks with small sillimanite overgrowths. 

The middle mile of the inclusion contains sillimanite only. The southern 

mile contains sillimanite pseudomorphs after andalusite. These facts 

are consistent, at least, with the following concepts: 

a) that the environs of the batholith became and remained a local 
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hot-spot during kyanite grade metamorphism of the surroundings; 

b) that the core of the batholith, a positive gravity anomaly 

(Hall, 1974), sank more or less at the same time as adjacent 

gneiss domes were rising (Robinson, pers. comm., 1973). 

On the basis of this it would appear reasonable that the metamorphic 

hydration of the core took place at pressures close to those of the 

Al-silicate triple point (~S.Skb) and at somewhat higher temperatures 

(~650-700°C). 

Effect of Igneous and Metamorphic Mineralogy on Rock Magnetism 

Associated with the core regions of the Belchertown batholith is 
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a strong aeromagnetic high of 3380 gammas. Similarly, surrounding 

Ammonoosuc Volcanics possess a magnetic high of approximately 3400 gammas. 

A "doughnut-shaped" magnetic low of approximately 2800 to 3100 gammas 

between these highs corresponds to the hydrated and recrystallized outer 

zones of the batholith (Hall, 1973). This pattern is considered to be 

a direct result of metamorphic hydration reactions that consumed magne

tite and titanohematite. Furthermore, the lowest point of the low is in 

the southeast quadrant suggesting that the anomaly has a high remanent 

component oriented in a drastically different direction from the present 

magnetic field (Hall, 1973). Although the assemblage of opaque oxides 

and sulfides in the primary monzodiorite contributes to its magnetic 

susceptibility, an additional source for the strong magnetization, 

particularly remanent magnetization, may lie with the feldspars. If the 

identity of dust-like material in monzodiorite plagioclase as FeTi 

oxides is correct, then the contribution of plagioclase to the magnetism 



of its host rock may be quite significant, since plagioclase constitutes 

approximately 50% of the rock by volume. Furthermore, it has been shown 

that the effective magnetic grain size has a strong effect on the 

intensity and stability of remanent magnetization (Graham, 1953; Larson 

et al., 1969). Rocks containing mostly small magnetic grains, particu

larly less than 5 microns, tend to possess a strong and relatively 

stable remanent magnetization. The tiny dust-like particles present in 

monzodiorite plagioclase are certainly less than 5 microns across, and 

may even approach single magnetic domain sizes. 
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SUMMARY OF CONCLUSIONS 

1) The primary igneous monzodiorite of the Belchertown batholith, 

containing coexisting magnesian augite and orthopyroxene, potassic 

feldspar, titanohematite, and magnetite, crystallized under conditions 

of high temperature (800-1000°C) and an oxygen fugacity between the 

nickel - nickel oxide and hematite - magnetite buffers. Using these 

values as limits, the composition of biotite coexisting with potassic 

feldspar and magnetite yields calculated water fugacities (fH
2
o) 

between tens of bars and hundreds of kilobars during magmatic crystal

lization. This illustrates the extreme dependence of fH
2

0 calculations 

on f0
2 

when such magnesian biotites are involved. 

2) During kyanite grade regional metamorphism of the country rocks, the 

primary igneous monzodiorite was converted to granodiorite gneiss by 

progressive cataclasis, hydration and recrystallization along pervasive 

shear zones which are well exposed in the Three Rivers railroad cut. 

Wet chemical analyses of primary, transitional and fully metamorphosed 

rocks indicate that the transformation was virtually isochemical with 

respect to all major components except H2o. Chemographic investigation 

of electron microprobe and wet chemical analyses of constituent minerals 

from one selected specimen each of monzodiorite and granodiorite gneiss 

yields information on the phase relations and redistribution of major 

and minor elements as a result of metamorphism. The overall reaction 

leading to the elimination of pyroxenes, titanohematite and magnetite, 

and the production of hornblende, epidote and sphene was: 
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augite + orthopyroxene + plagioclase + Ti-biotite + titanohematite + 

magnetite + H2o • hornblende + quartz + epidote + low Ti-biotite + 

orthoclase + sphene. 

3) The change in mineralogy caused by metamorphic hydration is con

sistent with the aeromagnetic pattern of the batholith. The central 

regions, underlain predominantly by primary monzodiorite, are marked 

by a broad magnetic high, whereas the outer regions, underlain by grano

diorite and granodiorite gneiss, form a donut-shaped magnetic low. The 

high magnetic susceptibility of the monzodiorite is attributed to the 

opaque mineral assemblage, titanohematite - magnetite - sulfide as well 

as dust-like opaque inclusions in plagioclase. 
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APPENDIX 

Locations of specimens for which analyses were supplied by Dr. G.W. Leo, 
U.S. Geological Survey. All localities on Ludlow, Mass. 7.5' quadrangle. 

86-6/2 - Abandoned railroad cut along N. bank of Chicopee River, 
1500 feet southwest of intersection of South and Wash
ington Streets. 

95-3 - 1000 feet southwest of summit of High Hill, on 510-foot 
contour. 

99-2 - 1000 feet northwest of intersection of Shaw and Ludlow 
Roads, on 570-foot contour. 

85-1 - Along dirt road, 2000 feet east of intersection of Red 
Bridge and Chilson Roads. 

96-2/2 - 400 feet south of summit of High Hill, on 640-foot 
contour. 

85-3 - 100 feet south of Red Bridge Road at Wilbraham - Palmer 
town line (800 feet northwest of specimen 85-1). 
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