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FOREWORD 

This Dissertation is divided into three chapters, each with its 
own abstract, introduction, and conclusions. In addition, there is an 
abstract before the Table of Contents in which the three chapters are 
briefly described. Combined references are given at the end of of the 
text. The three chapters are as follows: 

I. Geochemistry of metamorphosed volcanic rocks in the Partridge 
Formation. In this chapter the geochemistry and petrology of the 
Partridge volcanics are discussed in light of their igneous 
origin and the tectonic setting in which they were erupted. 

II. Geochemistry of volcanic rocks in the Partridge Formation, with 
respect to pre- and synmetamorphic chemical alteration processes 
which gave some samples anomalous compositions. 

III. Petrology and phase relations related.to amphibole dehydration 
reactions in rocks of the high-grade metamorphic rocks of central 
and south-central Massachusetts. 



COMPREHENSIVE ABSTRACT 

Chapter I. The Partridge Formation, principally composed of 
rusty-weathering schists (metamorphosed marine black shale), contains 
amphibolites and felsic gnisses that are metamorphosed volcanic rocks. 
Volcanism was related to the closing of an ocean basin and subduction 
of oceanic lithosphere beneath the 'Bronson Hill plate' during the 
Taconian Orogeny. The Partridge volcanics represent a continuation of 
the volcanic episode responsible for the deposition of the underlying 
Ammonoosuc Volcanics. The Partridge volcanics form a mafic-dominated 
bimodal suite with strong tholeiitic island arc affinities. The mafic 
rocks are mantle-derived, whereas the felsic and intermediate rocks 
were probably derived by partial melting of lower crustal mafic 
material, such as pyroxene granulites. A modern geochemical analog of 
the Partridge volcanics is the New Britain island arc of Papua New 
Guinea. 

v 

Chapter II. 21 out of 34 mafic Partridge samples have chemical 
compositions that appear to be igneous, even with respect to the mobile 
elements K, Rb, Mg, and Ca. 13 out of 34 samples have anomalous 
compositions, representing rocks that have been affected by chemical 
alteration and/or magmatic crystal accumulation processes, identified 
in this study. These processes principally include low-temperature 
hydrothermal alteration by seawater, calcite addition, magmatic olivine 
accumulation prior to metamorphism, and local metasomatism of K and Rb 
during high grade metamorphism. 

Chapter III. Amphibole dehydration reactions were studied in 
mafic rocks from metamorphic zones ranging from sillimanite-muscovite
staurolite (Zone II) to garnet-cordierite-sillimanite-K-feldspar (Zone 
VI), determined by assemblages in adjacent pelitic schists • These 
reactions occured over an estimated temperature range of 575° to 720°C 
at about 6 kbar during peak metamorphism, producing a mineral facies 
series in common tholeiitic bulk compositions: 

1) Hornblende-Anthophyllite 
2) Hornblende-Cummingtonite 
3) Hornblende-Orthopyroxene 
4) Orthopyroxene-Clinopyroxene 
5) Clinopyroxene-Almandine Garnet. 

Estimated temperatures and mineral analyses allowed the location of 
three amphibole dehydration reaction loops in T-Xm space. A 
temperature maximum in the cummingtonite-out Mg-Fe~2 reaction loop is 
estimated to occur at Mg/(Mg+Fe+2) = 0.68. XH2o in the metamorphic 
fluid for this reaction is estimated to have been 0.035 to 0.055. 
Detailed analytical data are also given for a hogbomite-spinel-
ilmeni te-magneti te-plagioclase enclave within garnet in a gedrite
orthopyroxene-cummingtonite gneiss; for the first reported 
Massachusetts orthopyroxene-orthoclase granulite facies assemblage; and 
for a granulite facies orthopyroxene-gedrite assemblage. 
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CHAPTER I 

GEOCHEMISTRY OF METAMORPHOSED VOLCANIC ROCKS 
IN THE PARTRIDGE FORMATION 

As a young boy, I was plagued with an overactive imagination ••• 
Larson ( 1984) 

ABSTRACT 

The Partridge Formation in the study area is composed of rusty
weathering pyrrhotite-mica schists with subordinate amphibolite and 
pyroxene-garnet granulite, minor quantities of felsic and intermediate 
gneisses, calc-silicate rocks, ultramafic rocks, and garnet quartzite 
(coticule). The Partridge Formation stratigraphically overlies older 
gneisses in the cores of gneiss domes, and the Middle Ordovician 
Ammonoosuc Volcanics, and is overlain by Silurian and Devonian units. 
These rocks were deformed and metamorphosed in the amphibolite or 
granulite facies during the Devonian Acadian Orogeny. 

Fifty-one samples of metamorphosed volcanics in the Partridge 
Formation were analyzed. Of these samples, 34 are quartz- or olivine 
normative low-K tholeiites (46-54.5% Si02), 7 are intermediate 
(54.5-70% Si02) with inconsistent chemical compositions, and 10 are 
corundum normative dacites (70-77.5% Si02), forming a mafic-dominated 
bimodal suite. 

Comparison with modern volcanic rocks shows that the Partridge 
volcanics are a tholeiitic suite with island arc affinities. A modern 
geochemical analog of the Partridge volcanics are the mafic and felsic 
volcanics of the New Britain island arc. Pre- and synmetamorphic 
chemical alteration appears to be minor in most cases. 

Comparison was also made between the volcanics of the Partridge 
Formation and those of the underlying Ammonoosuc Volcanics. The 
chemical composition of volcanics in the two units are virtually 
identical and no reliable geochemical discriminant was found, 
supporting the hypothesis that the Partridge volcanics represent a 
continuation of the same episode of volcanism responsible for 
deposition of the Ammonoosuc. 

The Ammonoosuc Volcanics and Partridge Formation are generally 
recognized to rest on quasi-continental basement of the Bronson Hill 
zone that lay east of an east-dipping subduction zone involved in the 
closing of an ocean at the end of the Taconian Orogeny. The Partridge 
mafic volcanics represent basalts generated by partial melting of 
mantle material above the subducted slab, whereas the peraluminous 
dacites probably represent the partial melting of mafic rocks (as 
plagioclase - pyroxene~ olivine granulites) in the lower Bronson Hill 
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crust. 

INTRODUCTION 

Location 

Samples were collected from a large part of central and south
cen tral Massachusetts and extreme northern Connecticut (Figure 1A). 
Figure 1C is a geologic map of central Massachusetts, showing the 
distribution of sample localities. Descriptions of sample locations 
are given in Tables 2, 6, and 12, and are shown on more detailed maps 
in Figure 47, Appendix 4. Many of the samples were collected from 
shoreline outcrops in the Quabbin Reservoir area, because of the 
excellent clean outcrops exposed when the water is low. 

Regional Setting 
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The study area covers parts of two major tectonic zones in the 
Appalachians of southern New England: the Bronson Hill anticlinorium 
and the Merrimack synclinorium. The Bronson Hill anticlinorium is a 
north-south trending series of about twenty mantled gneiss domes 
extending from southern Connecticut to extreme western Maine (Thompson 
et al., 1968). The gneissic basement upon which the Middle Ordovician 
and younger rocks were deposited appears to be different both in 
physical character and age from Avalonian basement to the east and 
Grenvillian rocks to the west. These differences suggest that the 
Bronson Hill anticlinorium was, in the Ordovician, a distinct terrane 
of continental or quasi-continental material (Robinson and Hall, 1980). 

The Merrimack synclinorium is a thick sequence of intensely 
deformed Ordovician, Silurian, and Devonian units, and Devonian 
plutons. The nature of the basement upon which these rocks were 
deposited in the Merrimack synclinorium is not clear. 

Stratigraphy 

The oldest exposed unit in central Massachusetts is the Dry Hill 
Gneiss and related gneisses exposed in the Pelham dome (Robinson, 1979; 
Ashenden, 1973; Naylor, 1973; Robinson et al., 1979), for which an 
approximately 600 My Pb/Pb age has been determined (Zartman and Naylor, 
1984). The Dry Hill gneiss and associated rocks were metamorphosed to 
sillimanite - K-feldspar - garnet - cordierite grade in a pre-Middle 
Ordovician metamorphism of uncertain age (Robinson et al., 1975). 

Overlying the older gneisses in the Pelham dome is the Fourmile 
Gneiss, which is similar to the gneiss of the main body of Monson 
Gneiss. These, and probably related more massive gneisses, such as the 
Swanzey Gneiss and Pauchaug Gneiss, occur in other domes in the Bronson 
Hill anticlinorium. 

The Middle Ordovician Ammonoosuc Volcanics overlie the older 



gneisses along a probable unconformity. The Ammonoosuc has a very 
distinctive internal stratigraphy (Schumacher, 1983), which includes a 
lower mafic unit, typically orthoamphibole-bearing, with a calcareous 
horizon near its top. The mafic unit is followed by a thin garnet 
quartzite (coticule) horizon, which is overlain by the upper felsic 
Ammonoosuc unit. This distinctive stratigraphic package was newly 
recognized during this study along the northern part of the Greenwich 
syncline in the Quabbin Reservoir. The total thickness of the 
Ammonoosuc section ranges from about 15 to 700 m. 
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Overlying the Ammonoosuc Volcanics is the Partridge Formation, 
which is composed largely of rusty-weathering pyrrhotite schists with 
subordinate quantities of amphibolite, and minor quantities of 
intermediate and felsic gneiss, calc-silicate rock, ultramafic rocks 
(Wolff, 1978; Tracy et al., 1984), and coticule. About a third of the 
section of Partridge Formation in the Greenwich syncline in the Quabbin 
Reservoir area is metamorphosed volcanics, but elsewhere in the Bronson 
Hill anticlinorium and Merrimack synclinorium volcanics are much less 
abundant. A detailed internal stratigraphy has not yet been worked out 
for the Partridge Formation. Amphibolite units within the Partridge 
range from a few cm to tens of meters in thickness, whereas the felsic 
gneisses range up to about 5 m in thickness. 

Unconformably overlying the Partridge Formation is a series of 
Silurian units including the Clough Quartzite, and the Fitch, Rangely, 
Smalls Falls, Paxton, and other Formations. Overlying these are 
Devonian units including the Littleton, Gile Mountain, and Erving 
Formations. The Silurian-Devonian stratigraphy and distribution of 
units in central Massachusetts is currently undergoing some 
reinterpretation. See Field (1975), Tucker (1977), Robinson et al. 
(1979 and 1982a), Peterson (1984), and Peter Thompson (1985), for 
discussions of stratigraphy. 

Deformation and Regional Metamorphism 

The rocks in central Massachusetts were deformed and metamorphosed 
during the Devonian Acadian Orogeny, which involved large-scale 
isoclinal folding and metamorphism ranging from chlorite grade to the 
granulite facies. For detailed discussions of deformation and 
metamorphism, see Robinson (1963, 1967a and b, 1979, 1983), Thompson et 
al. (1968), Field (1975), Tucker (1977), Robinson et al. (1979, 1982a 
and b), Tracy (1975, 1978), Hollocher (1980, 1981, 1984), and 
Schumacher (1983). 

Previous Studies of Igneous Rocks in Central Massachusetts 

The geochemistry of two large plutons of Acadian age in central 
Massachusetts, the Hardwick Pluton (Shearer, 1983) and the Fitchburg 
Pluton (Maczuga, 1981) have been studied in detail. A few analyses of 
the Belchertown Complex, also Acadian in age, have also been reported 
(Ashwal et al., 1979). 
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Figure 1. Regional geologic and sample location map. A) Location map 
for the geologic map (C). B) Explanation of symbols and patterns for 
the geologic map. C) Geologic map of central Massachusetts showing 
sample localities for volcanics in the Partridge Formation, simplified 
from Zen (1983), with modifications in the northwest after David Elbert 
(in preparation). Locations for samples 53 to 59 are shown in Figure 
1C, but are discussed in Chapter II. 
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The geochemistry of the Ammonoosuc Volcanics immediately 
underlying the Partridge Formation have been extensively studied by 
Schumacher (1982, 1983). Schumacher mapped the Ammonoosuc in the Notch 
Mountain area on the west flank of the Warwick dome, and studied the 
geochemistry of numerous samples from there and elsewhere in the 
Bronson Hill anticlinorium in central Massachusetts and adjacent New 
Hampshire. These included seven Ammonoosuc samples from the Greenwich 
syncline in the Quabbin Reservoir area, which were analyzed during this 
study. 

The Samples 

All but one of the analyses presented in this chapter are 
believed, on the basis of field relations, to be from the Partridge 
Formation. The single exception (sample 18) was taken from an 
amphibolite body within the Monson gneiss on the east side of the main 
body of Monson Gneiss. 

Because of their great relative abundance, the amphibolites were 
not exhaustively sampled. By comparison, all rocks in the field which 
appeared to be of intermediate or felsic composition were sampled, 
provided they were fresh, reasonably homogeneous, and generally not 
rusty-weathering. Samples selected for analysis were chosen to be 
representative of given outcrops, and to be as homogeneous as possible. 
Sample size ranged from 2 to 10 kg, depending on sample homogeneity, 
crystal size, and the presence or absence of late joints. 

Analytical Techniques 

Samples were broken into pieces about 1 cm3 in size using a steel
toothed hydraulic splitter and a rock hammer on a wood block. Small 
rock chips and sand-sized fragments, pieces containing joints, veins, 
metal scrapings, or weathered parts were excluded from the analytical 
sample. Suitable chips were placed in a polyethylene bucket for 
washing. The resulting sample ranged from 1 to 5 kg. 

Distilled water was added to the plastic bucket containing the 
rock chips to cover the chips. The lid was put on the bucket, and its 
contents shaken vigorously by hand for about one minute. The water and 
fine-grained material was then poured out and the process repeated once 
more. The wet rock chips were then spread out on brown paper towels to 
dry in air under a flood lamp. The dried chips were then sealed within 
polyethylene bags. 

From each plastic bag of chips (each representing one sample), 
three lots of about 250 g each were crushed to a fine powder in a 15 cm 
tungsten carbide Spex Shatterbox, mixed together, and a portion taken 
and stored in a 70 ml polystyrene vial to await analysis. 

For major element analysis (Si, Ti, Al, Fe, Mn, Mg, Ca, K, P), a 
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small portion of each sample powder was ignited in a silica glass 
crucible for 1 to 3 hours in air at 1000°c. Duplicates of each sample 
were then prepared for XRF analysis. 0.2800 g of sample was weighed 
and mixed in a glass vial containing 1.5000 g of lanthanum-doped 
lithium tetraborate flux. The contents of each vial was then fused in 
a platinum crucible in air at 1040°c. The fused sample was then poured 
onto a graphite disk and pressed into a 2.5 cm glass disk with an 
aluminum plunger. The analyses were performed on an automated Siemens 
sequential X-ray fluorescence spectrograph using a Cr tube, at the 
Ronald B. Gilmore Memorial X-Ray Laboratory at the Department of 
Geology and Geography, University of Massachusetts, Amherst. 

Samples were prepared for trace element analysis by making boric 
acid-backed pressed-powder pellets of non-ignited sample. These were 
analyzed in two groups on the XRF instrument described above. The 
elements Y, Sr, Rb, Th, Pb, and Ga were analyzed using a Mo tube, and 
the elements Nb, Zr, Zn, Ni, Cr, V, Ce, La, and Ba were analyzed using 
an Au tube. 

Sample preparation and analysis correction procedures are after 
Norrish and Chappell (1967) and Norrish and Hutton (1969). All samples 
were either run in duplicate or a single disk was analyzed twice during 
the same run. Results for each analysis were compared before the 
analysis was accepted. If analyses for a sample were not in agreement 
for any element, the sample was re-run for that element. For this 
reason, even anomalous analyses are believed to be accurate. 

Sodium analysis was done by flame phQtometry using a lithium 
internal standard and unflavored Jell-olRJ as a wetting agent. Ferrous 
iron was determined by titration by a method modified after Wilson 
(1955). Na20 and FeO were corrected for loss on ignition to put them 
on the same anhydrous basis as the rest of the major element analysis, 
and Fe203 was determined by difference. 

GEOCHEMISTRY OF THE SUITE 

Sample Numbers and the 21-Sample Average 

Chemical analyses of Partridge samples are listed in Tables 3, 7, 
and 13. The first 35 analyses are basaltic in composition and include 
34 analyses of Partridge rocks, and one of an amphibolite from within 
the Monson gneiss. As discussed in Chapter II, some of the basaltic 
Partridge samples can be identified as having undergone some form of 
chemical alteration. Of the 34 Partridge samples in Table 3, 13 have 
an 1a 1 suffix on the sample number, representing these altered 
compositions. The other 21 Partridge mafic samples are apparently very 
similar to their original compositions. For some purposes, the average 
of these 21 "fresh" samples were used for comparison or in geochemical 
modeling. The 21 sample average is given at the end of Table 3. 



8 

Much of the following discussion will be about chemical 
composition trends apparent in the suite as a whole, which forms a 
relatively continuous series from low to high silica content. However, 
I would like to make it clear that the suite is not continuous. 
Indeed, I believe there are three distinct sets of rocks: mafic, 
intermediate, and felsic, which had distinct origins. I hope this will 
be made clear in the following discussion. 

General Characteristics of the Suite 

A histogram showing the distribution of silica content within the 
Partridge volcanics is shown in Figure 2A. The bulk of the rocks are 
low in silica, but there is also a clustering of data in the range 70-
78% silica, indicating that the suite is a mafic-dominated bimodal 
suite. The actual dividing lines chosen to separate the three groups 
are 46-54.5% Si02 for the mafic rocks (34 Partridge samples, one Monson 
amphibolite), 54.5-70% Si02 for intermediate rocks (7 samples), and 70-
77.5% Si02 for the felsic rocks (10 samples). These represent natural 
gaps in the distribution of data. In addition, the chemical 
compositions of samples in the mafic and felsic groups appear to be 
internally similar. The intermediate rocks, however, are quite varied 
in composition. 

Figure 2B is a histogram showing the distribution of the Partridge 
volcanics (and one Monson amphibolite) with respect to K20 content. 
Note that most of the mafic rocks have <0.4% K20, suggesting that they 
belong to a low-K tholeiitic suite. In addition, the intermediate and 
felsic rocks (with one exception) have <2.8% K20, also suggesting 
tholeiitic affinities. 

Rock Names 

The volcanic rocks in the Partridge Formation have been 
metamorphosed, and therefore have metamorphic rock names such as 
amphibolite and felsic gneiss, which are based on their present 
mineralogy and texture. Using their chemical compositions, volcanic 
rock names can be ascribed to the samples. Figure 3 is a 
classification diagram for volcanic rocks based on quartz and the 
feldspars, after Streckeisen (1967). The Partridge samples are plotted 
in terms of the volume % of their normative components. 

All but one of the olivine normative mafic rocks plots along the 
base of the diagram along the right side, which is the field of olivine 
tholeiites. The only exception is a nepheline normative sample (12a) 
which plots in the field of nepheline latite. The quartz normative 
mafic rocks plot in the field of andesite/quartz tholeiite. 

The intermediate rocks are scattered through four fields. It is 
interesting to note, however, that the three corundum normative 
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Figure 2. A) Histogram showing the distribution of volcanic rocks in 
the Partridge Formation with respect to silica content. Note that most 
of the samples are mafic (<54% Si02), a smaller number are felsic 
(70-78% Si02), with a rather small number of samples of intermediate 
composition, suggesting a bimodal distribution. B) Histogram showing 
the distribution of Partridge volcanic rock compositions with respect 
to K20 content. Most of the mafic rocks have <0.4% K20, suggesting 
tholeiitic affinities. With one exception, the intermediate and felsic 
rocks have <2.8% K20, which is also characteristic of tholeiitic 
suites. 

15 
n 

10 

5 

0 
50 

20 
n 

15 

10 

5 

0 
0 

c:I Qz-Hy-Cor 
C!:J Qz-Hy-Di 

-01-Hy-Di 
~ 01-Ne-Di 

DID Monson amphibolite, 01-Hy-Di 

60 Si02 % 70 

%Si02 8 
70-77.5 Cl Qz-Hy-Cor 

[
D Qz-Hy-Cor 

54.5-70 E2l Qz-Hy-Di 

f 

C!J Qz-Hy-Di 

- 01-Hy-Di 
46- 54·5 C8:JOl-Ne-Di 

[]jJ Monson amphibolite, 01-Hy-Di 

2 K20 % 3 4 

A 

5 



Figure 3. Streckeisen rock classification diagram for volcanic rocks 
(Streckeisen, 1967). All samples of Partridge volcanics are plotted 
with respect to the calculated volume fraction of their normative 
components. 
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intermediate rocks all plot close to each other in the dacite field. 
This wide scatter of the intermediate rocks in chemical variation 
diagrams is a general property of the group, which suggests that these 
rocks are either not part of the same igneous series, or that they have 
undergone some chemical changes since eruption. 

With one exception, all of the felsic rocks cluster closely in the 
field of dacite. Sample 50 plots in the rhyodacite field because of 
its higher K20 content (4.48%). 

One possible problem with using Figure 3 for giving igneous rock 
names is that it relies heavily on the elements K, Na, and Ca (in 
normative components), which are known to be mobile under many 
conditions. To alleviate this problem, empirical rock classification 
schemes have been devised using various immobile elements. Figure 4 
has examples of these after Winchester and Floyd (1977). 

In Figure 4A the parameters Si02% vs. Zr/Ti02 (ppm) are used for 
rock classification. For the mafic rocks, notice that all of the 
olivine normative samples and all but a few quartz normative samples 
lie in the field of sub-alkaline basalts (which include low-K 
tholeiites). A few mafic rocks lie in the andesite field because of 
the rather arbitrary location of the basalt-andesite boundary with 
respect to silica content. Intermediate rocks lie in intermediate 
fields, determined by their silica content. The ten felsic samples 
plot in the fields of rhyolite and rhyodacite-dacite, also largely 
determined by their silica content. It is notable that no sample lies 
in any of the alkalic fields. 

Figure 4B names rocks only on the basis of the ratios of immobile 
elements, Nb/Y vs. Zr/Ti02. There is a rather large amount of scatter 
parallel to the Nb/Y axis of this diagram, due in part to an analytical 
uncertainty for Nb of about O.J ppm. All of the mafic rocks lie in the 
sub-alkalic basalt and basalt-andesite fields, not unexpectedly. The 
intermediate samples are scattered over five fields. A single 
intermediate sample (42) lies in the alkali basalt field because of its 
very low Y content (2.5 ppm). The scatter of the intermediate sample 
Nb/Y ratios over two orders of magnitude attests to their possibly 
disparate origins. The felsic rocks lie in the fields of andesite, 
rhyodacite-dacite, and rhyolite. 

In summary, the volcanic rock nomenclature which best suits the 
different groups of volcanic rocks in the Partridge formation are as 
follows: 

Mafic rocks 
Intermediate rocks 
Felsic rocks 

46 - 54.5% Si02 
54.5 - 70% Si02 
70 - 77.5% Si02 

basalts (low-K tholeiites). 
intermediate rocks. 
dacites. 



Figure 4. Rock nomenclature diagrams for volcanic rocks based on 
silica and immobile trace elements (Winchester and Floyd, 1977). A) 
Si02% vs. Zr/Ti02 ppm. B) Nb/Y ppm vs. Zr/Ti02 ppm. For explanation 
of symbols, see Figure 6. Sample (12a) does not lie in any of the 
alkalic fields, as would be expected from its high K20 content (J.03%) 
and normative nepheline. 
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Major Elements 

Figure 5 is a set of 13 chemical variation diagrams for all 52 
Partridge samples, showing the major elements or parameters calculated 
from the major elements plotted vs. Si02%• Lines on the diagrams 
labeled OA and CA are polynomial regression lines for "Oceanic 
Andesite" and "Continental Andesite" suites of Maaloe and Petersen 
(1981). These are used for comparison purposes to show that the 
Partridge volcanics do indeed follow igneous composition trends. 

Inspection of Figure 5 makes it obvious that Ca and Mg both 
decrease strongly from the mafic to the felsic rocks, a trend typical 
of igneous rock suites. This alone is strong evidence that these rocks 
do indeed have igneous composition trends, but it is not necessarily 
evidence that the whole suite is related by simple processes. 

FeO and Ti02 follow a more complex pattern than MgO and Cao. Ti02 
and FeO increase from about 0.8 and 10%, respectively, at about 48% 
Si02 to about 1.5% Ti02 and 13% FeO at about 50% Si02. With further 
increases in silica content, these oxides then decrease to about 1.1% 
Ti02 and 11% FeO at 54% silica, and finally to around 0.2% Ti02 and 2% 
FeO in the dacites. The increase is probably due to the 
crystallization of iron- and titanium-poor phases such as olivine, 
augite, and plagioclase. The drop in these two oxides above 50% silica 
is probably due to the onset of titanomagnetite and/or ilmenite 
fractionation. This phenomenon is typical of tholeiitic suites (Lowder 
and Carmichael, 1970). 

The enrichment followed by depletion of Fe with increasing silica 
coupled with steadily decreasing MgO content has an interesting effect 
on the Mg/(Mg+Fe) (Xmg) content of the intermediate and felsic rocks. 
In the mafic rocks the Xmg decreases from about 0.60 at 48% Si02 to 
about 0.45 at 54% Si02, consistent with crystal fractionation control 
of the liquid composition. The felsic and intermediate groups, 
however, have rather constant Xmg in the range 0.35-0.55. This 
phenomenon is common in the felsic rocks of tholeiitic suites (Lowder 
and Carmichael, 1970). 

The oxide P205 appears to follow a pattern similar to Ti02 and 
FeO, rising from about 0.09% at 48% Si02 to around 0.15% at 50% Si02, 
and down to about 0.12% at 54% Si02. If this perceived pattern is real 
then I do not understand it. Apatite fractionation should not occur in 
basaltic magmas with less than 1% P205 (Watson, 1979). Note the large 
amount of scatter in the P205 content of the intermediate rocks. 

In the mafic rocks, Al203 appears to decrease from about 17% at 
48% Si02 to about 15% at 54% Si02. This is probably due to fractional 
crystallization of calcic plagioclase, along with the mafic minerals •. 
This is evidence that the basaltic rocks were generally multiply 
saturated at the time of eruption. Note that 15-17% Al203 is typical 
of tholeiitic basalts, whereas calc-alkaline basalts generally have 
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Figure 5. Major element vs. silica chemical variation diagrams showing 
all analyzed Partridge volcanic rocks. The curves labeled CA and QA 
refer to the Continental Andesite and Oceanic Andesite composition 
trends of Maaloe and Petersen (1981). They are included for comparison 
purposes to show that the Partridge volcanics generally follow igneous 
composition trends. The differentiation index is that of Thornton and 
Tuttle (1960), the weight ratio of the normative components 
(Qz+Ab+Or+Ne)/Total. The Alkalic/Subalkalic field boundary in the 
Na20+K20 vs. silica diagram is from Miyashiro (1978). For clarity, 
dashed or dotted lines outline some composition trends. 

Description of Symbols 

_.. Nepheline normative (12a) 
• Olivine-hypersthene normative 
o Quartz-hypersthene normative 
© Corundum-quartz normative 
Ill Monson amphibolite (18) 
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Figure 5, continued • 

10 

MgO 
O/o 

cao 
O/o 

O/o 

5 

15 

• ~ ...... ~~~~.,.-~~~~..-~~~--,~~~~....,..~~~~-r-~~-

•• 9 
1. 

• 

• 
• 
• 

• • 
·-~ 0 t'.<10 0 0 

• • 'Q A 
"B-........... O'----..o~ ./ C 

~ o~ e 

~,._o_ e "' e\, OA ...._ 

0 

• • •,o 
o-o 

\. ~ c9 
• ~o 

fl/Ii o Q---...o~ OA 
• 0 0 J • • 0 • 

o e o......._o~ 
/ $ $ 

e-+ CA .,...__ ee 
e e ........__ 

ee 

CAf 
0 ' •/ 

ee"~o :i-e-'IJ- co e o 

• 1-•••o oo o 

I o 
0 

0 

e 
$ 

-
0 
~$ 
} $ ED ED $ $ 

OA ED e 

50 60 SiOz 0/o 70 

$ 

e 



17 

Figure 5, continued. 
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Figure 5, continued. 
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Figure 5, continued. 
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>17% (Kuno, 1960). The intermediate rocks tend to have high Al203 
contents (15-18%), and the felsic rocks have only about 12-14% Al203, 
decreasing with increasing Si02 content. 
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Although the felsic rocks generally have more Na20 than the mafic 
rocks there is a large amount of scatter for this element, possibly due 
to pre- or synmetamorphic mobilization. In spite of this scatter, the 
Ca/(Ca+Na) ratio for rocks in the suite decreases smoothly with 
increasing silica content. 

The potassium content of the Partridge volcanics is somewhat 
scattered, similar to Na20, but most of the mafic and diopside 
normative intermediate rocks have <0.5% K20, indicating their 
tholeiitic affinity (Hart et al., 1970). The mafic rocks with large 
quantities of K20 (up to 3.03%, sample 12a) have probably undergone 
some form of premetamorphic alteration with seawater, which can 
increase the K content of basalts (Hart, 1971; Staudigel et al., 1981; 
also see Chapter II). Most of the corundum normative dacites have 
0.9-2.8% K20, also indicative of tholeiitic affinities. 

The K20+Na20 diagram was included to show that the Partridge 
volcanic suite has no alkalic character, with the exception of a few 
altered mafic samples enriched in K. The boundary line between the 
alkalic and subalkalic fields is from Miyashiro (1978). 

The differentiation index vs. silica diagram uses the index of 
Thornton and Tuttle (1960), which is based on the normative components. 
The trend of the mafic and intermediate Partridge volcanics (outlined) 
is relatively smooth with little scatter, but it appears to me that the 
felsic rocks lie off that trend toward higher Si02 contents. This 
suggests that the dacites may be of a different origin from the other 
samples. 

A plot of corundum-diopside vs. silica (Figure 5) shows two 
important things. First, all of the felsic volcanics are corundum 
normative, as indeed are the most felsic parts of the OA and CA curves. 
This shows that corundum normative felsic rocks in tholeiitic suites 
are to be expected, and that those in the Partridge Formation are not 
necessarily an artifact of alkali loss or some other alteration effect. 
Second, the seemingly wide gap between the mafic and intermediate rocks 
suggests that the intermediate rocks are not directly derived from the 
basalts. 

Figure 6, an A-F-M diagram, makes more clear the tholeiitic trend 
of the Partridge volcanic suite. There the iron enrichment trend is 
from generally Mg-richer olivine normative to Mg-poorer quartz 
normative basalts. The trend then curves toward the alkali apex, 
maintaining a roughly constant Xmg• 
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Figure 6. A-F-M diagram, with all analyzed Partridge volcanic rocks 
plotted in terms of weight % of the oxides. Although there is some 
scatter in the distribution of data, the increase in FeO from olivine
normative to quartz-normative mafic rocks, followed by a pronounced 
hook and a trend toward high alkali contents for the intermediate and 
felsic rocks is typical of tholeiitic suites. QA and CA lines 
represent "oceanic andesite" and "continental andesite" trends of 
Maaloe and Petersen (1981), which are also shown in Figure 5. 
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Comparison to Continental and Oceanic Andesite Trends 

Comparison of the data in diagrams in Figures 5 and 6 with the 
continental andesite (CA) and oceanic andesite (OA) trends of Maaloe 
and Petersen (1981) suggest that the mafic rocks are best compared to 
the CA lines in 3 out of 14 cases, and the OA lines in 8 out of 14 
cases. In three cases the comparisons are poor with either line. For 
all non-basaltic samples, CA lines best represent the data in 7 and OA 
lines in 7 out of 14 cases. Considering the suite as a whole, CA lines 
best represent the suite in 6 out of 14 and OA lines in 7 out of 14 
cases. Therefore, the mafic rocks are distinctly tholeiitic, whereas 
the intermediate and felsic rocks are intermediate in many respects 
between tholeiitic and calc-alkaline suites. 

An oceanic andesite correlation would be expected if the volcanics 
were erupted in an immature island arc setting without influence of 
continental crust, whereas a continental andesite trend would be 
expected if the volcanics were erupted through continental crust. The 
Ammonoosuc and Partridge volcanic rocks were erupted principally or 
entirely through Bronson Hill basement, which at the present levels of 
erosion is largely composed of felsic gneisses. This felsic basement 
may have been rather thin (quasi-continental) during Middle Ordovician 
time, resulting in the Partridge felsic volcanic rocks having 
transitional characteristics between oceanic island arc (tholeiitic) 
and continental crust-based (calc-alkaline) arc volcanics. 

Trace Elements 

Figure 7 is a set of 9 silica variation diagrams for several trace 
elements, with all 52 analyses plotted. The trace element patterns for 
the Partridge suite parallel in many respects their geochemically 
similar major element analogs. Like MgO, for example, Ni and Cr are 
strongly partitioned into early-formed crystals such as olivine (Ni) 
and chromite and augite (Cr), which are removed from the liquid by 
fractional crystallization. An example for Ni using olivine 
fractionation for sample 3a (198 ppm Ni, 46.95% Si02)is shown by an 
arrow in Figure 7. The calculated fractionation path clearly runs down 
the trend of the data, strongly suggesting that the Ni content of the 
Partridge basalts was in large part controlled by olivine crystal 
fractionation. 

Vanadium behaves similarly to Fe and Ti, being only weakly 
partitioned into early crystallizing minerals. It is strongly 
partitioned into Fe-Ti oxides, however, and decreases in concentration 
toward the felsic rocks. Sample 15 has an anomalously large amount of 
V (664 ppm) and may have accumulated titanomagnetite. 

Zirconium is included here as an incompatible but relatively 
immobile element. Most of the basalts have about 60 ~30 ppm Zr, but 
there are four exceptions: samples 14a, 21, 23, and 32. It is unlikely 
that crystal fractionation enriched these samples in Zr because it 



would require about 70-75% fractionation. If this occurred, the Zr
rich samples would probably no longer be basalts. 
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Inspection of the chemical data in Table J shows that all four of 
these Zr-enriched samples are also notably high in most or all of the 
elements Nb, Ce, Pb, Sr, and Y. These elements are relatively immobile 
(except Sr) and are moderately incompatible to highly incompatible in 
minerals which normally crystallize from basalts at low pressure. This 
suggests that these four samples were either derived by smaller degrees 
of partial melting of a mantle source than the other Partridge basalts 
(e.g. 5-10% vs. 20%) or that the mantle source was enriched in Zr, Nb, 
Pb, Sr, and rare earth elements. 

The intermediate rocks are notable in their extreme range in Zr 
contents. Sample 41 has 474 ppm Zr and is off the scale of the 
diagram. 

The yttrium content of the basaltic rocks ranges from about 
ppm, except for some of the Zr-enriched samples discussed above. 
intermediate rocks are widely scattered, but the dacites span a 
relatively narrow range of about 25-60 ppm. 

10-35 
The 

Although strontium is known to be relatively mobile under many 
conditions (Humphris and Thompson, 1978), the fact that the data do not 
scatter widely suggests that Sr has not changed in concentration to any 
great degree in most of the samples. The 100-270 ppm Sr range for most 
of the mafic samples and the 186 ppm Sr for the 21 sample average 
compares favorably with several different basalt types, including 
island arc tholeiites and mid-ocean ridge basalts (Hart et al., 1970). 
Note that the intermediate rocks, while scattered, are relatively high 
in Sr compared to the basalts and felsic rocks. These same rocks are 
similarly high in Al203, possibly suggesting plagioclase accumulation. 

Rb and Ba are discussed together because they are incompatible, 
relatively mobile elements, and they have similar patterns in silica 
variation diagrams. The distribution of data is rather scattered for 
Ba and Rb in the intermediate and felsic rocks. The pattern is more 
clear for the basalts, for which there is a concentration of data in 
the ranges 1.5-8.7 ppm for Rb and 20-150 ppm for Ba. Samples (4 for 
Rb, 6 for Ba) which are obviously enriched in these elements to greater 
or lesser degrees. It is notable that samples enriched in one of these 
elements are not necessarily enriched in the other. Sample 5a, for 
example, has 2145 ppm Ba, but only 13 ppm Rb. It is also interesting 
that all of the samples having <1.5 ppm Rb or >8.7 ppm Rb are 
considered to be altered based on their major element compositions (see 
Chapter II). The fact that these two elements do not correlate with 
one another suggests that they are mobile under different conditions. 

The last diagram of Figure 7 is the chondrite-normalized ratio of 
Ce/Y vs. Si02, where Y is used as a proxy for a phantom heavy rare 
earth element (REE) between terbium and dysprosium (Bougault, 1980). 
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Figure 7. Chemical variation diagrams showing all analyzed Partridge 
volcanic rocks, in which several trace element parameters are plotted 
vs. weight % silica. The parameters, in ppm, are: Ni, Cr, V, Zr, Y, 
Sr, Rb, Ba, and Cen/Yn, where Xn refers to the chondrite normalized 
values. The chondrite normalizing values are 0.88 ppm for Ce (Haskin 
et al., 1968), and 1.96 ppm for Y (Bougault, 1980). The liquid line of 
descent curve originating from sample 3a in the Ni diagram was 
calculated using Reyleigh fractionation of olivine, using the MgO 
olivine/liquid partition coefficient of Roeder and Emslie (1970) and 
the MgO-dependent Ni partition coefficient of Hart and Davis (1978). 

Explanation of Symbols 

.+- N epheline normative ( 12a) 
• Olivine-hypersthene normative 
o Quartz-hypersthene normative 
e Corundum-quartz normative 
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In this diagram, light REE-enriched samples plot above the horizontal 
line at unity, and light REE-depleted samples lie below the line. 
Significant scatter is introduced into this diagram due to the 
analytical uncertainty of the Ce values, particularly in those samples 
high in Ba, which interferes with the analysis of Ce. Generally the 
suite is slightly light REE-enriched, with a Cen/Yn enrichment of about 
1.8 for the basalts and 2.4 for the dacites. Slightly light REE
enriched low-K tholeiites are typical of island arcs (e.g. Basaltic 
Volcanism Study Project, 1981, Table 1.2.7.5, analyses IA-1 to IA-11, 
and Figure 1.2.7.10). Typically, the intermediate rocks are widely 
scattered. 

Figure 8 shows all Partridge volcanic samples plotted with respect 
to Zr and Nb. These two elements are highly incompatible with respect 
to most mantle- and basalt-related minerals, such as olivine, pyroxene, 
plagioclase, garnet, and spinel. In addition Zr and probably Nb are 
thought to be highly immobile (Humphris and Thompson, 1978). The 
important point to note is that the basaltic rocks of the Partridge 
Formation generally have Zr/Nb ratios of about 30, which is comparable 
to many island arc tholeiites (Basaltic Volcanism Study Project, 1981, 
Tables 1.2.7.6 and 1.2.7.15), and also to Type I mid-ocean ridge 
basalts (Basaltic Volcanism Study Project, 1981, p. 148 and Figure 
1.2.5.17). Other mid-ocean ridge basalts (Type II), particularly those 
associated with oceanic islands, and alkali basalts, have Zr/Nb ratios 
of about 10. The dacites have Zr/Nb ratios of about 40, comparable to 
the Partridge basalts, whereas the intermediate rocks are widely 
scattered both in absolute Zr and Nb contents and in Zr/Nb ratios. 

Summary 

In summary, the major and trace element evidence suggests that the 
Partridge volcanics form a coherent tholeiitic suite, characterized by 
Fe- and Ti-enrichment followed by depletion trends, generally low K20 
contents, and corundum normative dacites. The data also suggest, based 
on gaps in the data (Figures 2A, 3, 4, 5, and 7), and offsets in the 
chemical trends (Figure 5, Na20 and differentiation index), that the 
basalts, intermediate rocks, and dacites form separate groups. 

The basalts, even altered samples, all probably represent mantle 
derived low-K tholeiites. The simple chemical comparisons discussed 
above strongly supports their origin in an immature island arc setting. 
The intermediate rocks span a wide composition range for many elements. 
These rocks appear at least superficially to be igneous in character, 
but some may be highly altered. In some cases, a partially sedimentary 
origin cannot be ruled out. The dacites, in comparison to the 
intermediate rocks, form a coherent set much like the basalts. 
Speculations as to the origin of the intermediate and felsic Partridge 
volcanics will be presented in some detail below. 



Figure 8. Zr vs. Nb chemical variation diagram showing all analyzed 
Partridge volcanics. Numbered lines within the fields refer to Zr/Nb 
ratios. The field of felsic Partridge volcanics is outlined. For 
explanation of symbols, see Figure 6. 
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MAFIC ROCKS OF THE 

Mineralogy 

All 34 mafic Partridge samples are , with the 
exception of sample 35a which is a two-pyroxene 
metamorphic Zone VI (garnet - cordierite - sillimanite -

from 
K-feldspar 

volcanics, 
a list of sample 

zone). Table 1 has estimated modes for the mafic 
along with some chemical and optical data. Table 2 is 
descriptions with sample locations. 

Plagioclase is ubiquitous in these rocks, and ranges in 
composition from An85 to An38 (Table 1). Several have 
exsolution lamellae in cuspate domains which are always more calcic 
than the rim compositions. These lamellae probably represent unmixing 
in the Huttenlocher field. These domains may be igneous relics. 

Modal quartz is present in most samples, even those with normative 
olivine, principally because the mafic minerals hornblende and biotite 
are very low in silica. For example the presence of 25% biotite and 
25% hornblende in the olivine-nepheline normative sample 12a allows the 
metamorphic assemblage to have 5% modal quartz. 

Biotite is present in most samples, typically as small plates in 
various shades of brown. Some biotite has been in part retrograded to 
chlorite plus K-feldspar (see Hollocher, 1981 for details). 

The most abundant amphibole is hornblende, which is usually 
coarsely crystalline, and occurs in colors ranging from light green to 
brownish green, green, and bluish green (Z vibration direction). 
Exsolution lamellae of cummingtonite are common. Pale green to 
colorless cummingtonite is the next-most abundant amphibole, invariably 
occurring with hornblende and typically having hornblende exsolution 
lamellae. Hornblende and cummingtonite which texturally appear to be 
of retrograde origin never have visible exsolution lamellae. For a 
discussion of exsolution lamellae in clinoamphiboles, see Jaffe et al. 
(1968). Orthoamphibole is present in two samples, in sample 1 with 
hornblende, and in sample 4a with both hornblende and cummingtonite. 
These orthoamphiboles are pale pink in color, and by electron probe 
analysis were found to be gedrite on the basis of A1IV content 
(classification scheme of Leake, 1978, also see Chapter III). 

In Partridge volcanics in metamorphic Zones II to V, clinopyroxene 
in amphibolites is found only in rather calcareous rocks which are 
thought to represent somewhat altered volcanics (see Chapter II). In 
two such occurrences (samples 2a and 13a), clinopyroxene also occurs 
with ferrian zoisite + clinozoisite. In sample 35a, from metamorphic 
Zone VI, clinopyroxene was produced along with orthopyroxene as a 
product of a metamorphic hornblende dehydration reaction. 
Orthopyroxene also probably occurred in the prograde metamorphic 
assemblage of the Monson amphibolite (sample 18), although it all 



appears to have been retrograded to cummingtonite. 

Garnet occurs in five samples. In hand specimen the garnets are 
red, and they are typically poikilitic with quartz and plagioclase. 
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Opaque minerals include ilmenite, magnetite (six samples only), 
and pyrrhotite. Prograde metamorphic accessory minerals include rutile 
(in Mg-rich rocks), sphene, zircon, allanite, calcite, and apatite. 

Minerals of retrograde origin include chlorite, talc, sericite, 
some calcite, fibrous rutile and K-feldspar in altered biotite, 
cummingtonite after orthopyroxene, and hornblende after clinopyroxene. 
In general the degree of retrograde metamorphism is very slight, which 
in part is the reason these samples were chosen for analysis. 

Textures 

All of the analyzed samples are metamorphic rocks and all have 
metamorphic textures to a greater or lesser degree. See Table 2 for 
textural descriptions of the individual samples. Some samples are 
rather massive, others have a moderately well developed foliation and 
lineation, and others are only poorly foliated but strongly lineated. 
In thin section, the coarse amphibole, plagioclase, and other crystals 
are typically in sharp, clean contact with one another. In some 
samples, however, the grain boundaries are partially recrystallized to 
fine-grained intergrowths of the parent minerals, giving the appearance 
of a partially recrystallized mylonitic fabric. The hornblende in 
these recrystallized zones is blue-green in some samples, rather than 
the green or brownish green of the parent crystals. This may indicate 
a retrograde enrichment of Fe+J over Ti in the fine-grained crystals 
after grain size reduction, or a low temperature of recrystallization. 

Centimeter-scale graded bedding is common in the Partridge 
amphibolites, very well exposed on the smooth, wave-washed outcrop 
surfaces on the shore of the Quabbin Reservoir. These beds grade from 
light-colored rock at a sharp contact to dark-colored rock, followed by 
another sharp contact. The light-colored part is rich in plagioclase, 
hornblende, and typically cummingtonite. This part of the bed grades 
into the darker part with an increase in the quantity of hornblende, 
and the appearance of biotite, ilmenite, and quartz. Garnet is 
typically more abundant in the dark part of the bed. These are 
interpreted as being graded beds of volcanic debris (ash, 
hyalloclastites, or turbidites), with the dark part of the beds on top. 
The explanation of this is that crystals in an ash cloud or turbidity 
current (olivine, plagioclase, etc.) would fall out of the air or water 
column first, forming a plagioclase- and Mg-rich layer. Subsequent 
metamorphism would turn this part of the bed into a plagioclase- and 
cummingtonite-rich layer. The glass fragments, rich in Fe, Ti, K, and 
Si would fall out later, resulting in abundant biotite, ilmenite, 
quartz, and garnet. These graded beds can be used as stratigraphic 
topping indicators. 
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Table 1. Estimated modes in thin section for metamorphosed mafic 
volcanic rocks in the Partridge Formation. Samples are listed in order 
of increasing silica content, as in Table 3. Samples with an 1 a 1 

suffix are considered to be somewhat altered from their original 
compositions. 

Explanation of abbreviations: 
A Armored relics. 
Bio Biotite. 
Cum Cummingtonite. 
gran Granulated texture: fine-grained crystals around coarser 

crystals, resembling a partially recrystallized 
mylonitic fabric. 

fe Fe-rich chlorite composition, determined optically. 
Hb Hornblende-phyric: large hornblende crystals set in a fine-

grained matrix suggest that hornblende is after mafic 
phenocrysts, such as olivine. 

Hbl Hornblende. 
int Intermediate chlorite composition, determined optically. 
L Exsolution lamellae: 

In plagioclase, more calcic plagioclase. 
In hornblende, cummingtonite. 
In cummingtonite, hornblende. 
In orthoamphibole, another orthoamphibole. 
In augite, pigeonite (inverted?). 
In orthopyroxene, clinopyroxene. 

m Microcline 
mg Mg-rich chlorite composition, determined optically. 
Mod Moderate. 
o Orthoclase 
Oam Orthoamphibole. 
P Anorthite content determined by electron microprobe 

analysis. Other compositions were determined using the 
Michel-Levy (symmetrical-zone albite twin) method, 
using the determinative curve of Troger (1979, Figure 
233-16). 

Pl Plagioclase-phyric: large polycrystalline plagioclase clots 
set in a dark matrix suggest that the clots are 
recrystallized plagioclase phenocrysts. 

po Pyrrhotite. All sulfide is (or was prior to weathering) 
probably pyrrhotite, but this could not always be 
determined. 

R The mineral is of retrograde origin. 
RG Retrograded: the mineral in question is no longer extant, 

but habit and special textures of the retrograde 
products strongly suggests its presence in the prograde 
assemblage. 

tr Trace, <1% present in the mode. 
W Sulfides largely or entirely weathered away. 
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Table 1, continued. 

Footnotes: 
1 Plagioclase: anorthite content is given immediately below the 

mineral listings, exsolution lamellae typically occur in cuspate 
calcic cores to plagioclase crystals. Lamellae are typically about 2 
um across. 

2 Texture: granulated refers to abundant tiny daughter crystals 
mantling the coarser parent crystals, suggesting a partially 
recrystallized mylonitic texture. 

3 Phenocrysts: polycrystalline monominerallic plagioclase clots, 
coarse hornblende crystals, or both set in a markedly finer-grained 
matrix suggests a relic phenocrystic texture. 

4 Color codes: Z vibration direction for amphiboles, Z=Y for biotite. 
First letter is Following letters 
color intensity: are color shade: 

C colorless B brown T tan 
F faint Bl blue Y yellow 
P pale G green 
L light 0 olive 
M medium Or orange 
D dark P pink 
VD very dark R red 

5 Retrograding: a subjective measure of the degree of retrograding. 
Slight means that <1% of the area of the thin section has some 
retrograde minerals or textures, Moderate means that 1-4% of the 
thin section has evidence of retrograding. 

6 Anorthi te % of plagioclase, determined by el·3ctron probe analysis 
(P) or by the Michel-Levy (symmetrical-zone albite twin) method, 
using the determinative curve of Troger (1979, Figure 233-16). 
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Table 2. Hand specimen descriptions and sample localities of 
metamorphosed mafic volcanic rocks from the Partridge Formation. 
Maps showing the localities are given in Figure 47, Appendix 4, In 
parentheses after each sample number is an abbreviation of the name 
of the 7,5 minute quadrangle from which the sample was collected. 
The abbreviations are as follows: (A) Athol; (MG) Mount Grace; (QR) 
Quabbin Reservoir; (WL) Wales; (W) Ware; (WD) Winsor Dam; (WN) 
Warren. 

(WD) Dark-gray, medium-grained, lineated but otherwise massive and 
homogeneous hornblende-plagioclase amphibolite. Taken from a very mafic 
part of the W end of the low set of outcrops about 80 m S of the 
Quabbin Aqueduct inlet. 

2a (WD) Fine- to medium-grained, weakly layered and foliated black 
hornblende-plagioclase-diopside-epidote amphibolite, with about 7% 
medium-grained gray-green calcareous pods about 1 cm thick and 3-30 cm 
across. Taken from just W of the very rusty section of sillimanite
bearing felsic gneisses, about 1 m below the high water mark in an 
inlet on the E side of Little Quabbin Island, Quabbin Reservoir. 

3a (QR) Medium-gray, weakly foliated and lineated, massive amphibolite, 
with coarse, dark-gray hornblende crystals set in a medium-grained 
plagioclase-hornblende-cummingtonite matrix. Taken from the N end of 
the northernmost outcrop of a set located a few m E and SE of a small 
pond (not shown on maps) which is located at the kink in the stream 300 
m SW of Hill 1021 on the Prescott Peninsula. 

4a (MG) Coarse-grained, weakly foliated, somewhat layered, dark-gray 
hornblende-plagioclase-anthophyllite amphibolite. Sample locality "At 
870-foot contour 800 feet west-northwest of northern tip of Whites 
Pond •••• 11 , from Robinson (1963) for samples N30B and N30C. 

5a (WD) Dark-gray, fine grained, moderately well foliated and thinly 
laminated but quite homogeneous hornblende-plagioclase-biotite 
amphibolite. Taken from just W of the very rusty section of 
sillimanite-bearing felsic gneisses, about 1 m below the high water 
mark in an inlet on the E side of Little Quabbin Island, Quabbin 
Reservoir. 

6 (WD) Medium- to coarse-grained, dark-gray, weakly layered, poorly 
foliated amphibolite. Contains white spots of polycrystalline 
plagioclase which suggest relic plagioclase phenocrysts, but are 
probably magnetite reaction halos. Rock contains hornblende, 
plagioclase, minor quartz, and magnetite. Collected from a homogeneous 
part of the SE end of a set of low outcrops 80 m S of the Quabbin 
Aqueduct inlet. 

7 (QR) Dark-gray, poorly foliated and layered, and weakly lineated 
amphibolite. Coarse black hornblende crystals are set in a medium-
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grained hornblende-plagioclase matrix. Taken from the middle of an 
amphibolite belt 100 m WNW of the summit of an unnamed hill, the summit 
of which is located 820 m ESE of the "Barnes 1078 11 benchmark on Mt. 
Pleasant, Prescott Peninsula. 

8a (WD) Medium-grained, poorly layered, weakly foliated, very dark gray 
hornblende-plagioclase-biotite amphibolite. Sparse thin quartz
plagioclase-cummingtonite layers were excluded. From the central part 
of a S-facing roadcut on Rt. 9, 250 mW of its intersection with Tavern 
Rd. This outcrop is depicted in Robinson et al. (1982b, their Figure 
31; see Figure 48, Appendix 4). 

9 (WD) Coarse-grained, weakly foliated and layered but well lineated 
hornblende-plagioclase amphibolite. From the center of the largest 
amphibolite boudin on the easternmost piece of land, 1070 m SE of Hill 
958, Prescott Peninsula. 

10 (WD) Dark-gray, massive, homogeneous amphibolite, with coarse 
hornblende crystals set in a fine-grained hornblende-plagioclase
bioti te matrix. From 3 m below the high water mark and 3 m NE of the 
largest amphibolite boudin on the easternmost piece of land located 
1070 m SE of the summit of Hill 958, Prescott Peninsula. 

11 (QR) Medium- to coarse-grained, moderately well foliated, relatively 
homogeneous amphibolite, with coarse-grained hornblende crystals set in 
a medium-grained plagioclase-hornblende matrix. From the upper part of 
the middle of three outcrops a few m E and SE of a small pond (not 
shown on maps), located at the kink in the stream 300 m SW of Hill 
1021, Prescott Peninsula. 

12a (QR) Dark-gray, coarse-grained, moderately well foliated but poorly 
layered plagioclase-hornblende-biotite-cummingtonite-quartz 
amphibolite. From a small rib of rock on the NE side of the inlet on 
the SE side of Parker Island, Quabbin Reservoir. 

13a (WD) Dark-gray, medium-grained, thinly laminated, equigranular, 
rusty-weathering hornblende-plagioclase-pyrrhotite amphibolite. Taken 
from a low, wet, rounded outcrop at the high water mark, 1.0 km S along 
the shore from the Quabbin Aqueduct intake. 

14a (QR) Dark-gray, medium- to coarse-grained, weakly lineated, massive 
amphibolite, with coarse hornblende set in a finer-grained hornblende
plagioclase matrix. From the middle of a 7 m thick amphibolite bed 
located about 5 m above the rusty schist - Ammonoosuc contact, on the 
930 m contour line on Hill 1021, Prescott Peninsula. 

15 (QR) Coarse-grained, well lineated but poorly foliated or lineated, 
dark-gray hornblende-plagioclase-cummingtonite-biotite-quartz 
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amphibolite. Minor quartz-plagioclase-cummingtonite veins were 
excluded. From the SW side of the outcrop, just on the W side of the W 
summit (not shown on maps) of the island between the baffle dams, 
Quabbin Reservoir. 

16a (QR) Medium-gray, medium- to coarse-grained, somewhat layered 
plagioclase-hornblende-cummingtonite-biotite amphibolite. From a tiny 
outcrop on the 640 foot contour, on the E side of the §W§ ridge on the 
S side of the island between the baffle dams, Quabbin Reservoir. Little 
of the outcrop remains. 

17 (QR) Dark-gray, coarse-grained, well lineated but poorly foliated 
and layered hornblende-plagioclase amphibolite. From the S end of the 
group of outcrops on the W side of the W summit (not shown on maps) of 
the island between the baffle dams, Quabbin Reservoir. 

18 (WD) Coarse-grained, weakly foliated, equigranular, massive, dark
gray hornblende-plagioclase-quartz amphibolite. This amphibolite is 
surrounded by Monson gneiss. From within a few tens of cm of a thick, 
gray quartz-andesine pegmatite dike on the E part of a SW-facing 
roadcut on Rt. 9, located 800 m SE along Rt. 9 from benchmark 503 in 
Ware Center (not the center of Ware). 

19 (WD) Medium-grained, very dark-gray, weakly lineated, massive 
hornblende-plagioclase amphibolite with what look like relic subhedral 
plagioclase phenocrysts. Taken from 1.5 m below the high water mark on 
a point 1.4 km S along the shore from the Quabbin Aqueduct intake. 

20 (WD) Medium-grained, dark-gray, poorly foliated but somewhat layered 
hornblende-plagioclase-quartz-magnetite amphibolite. From the NW corner 
of a low, W-facing outcrop on the 780 foot contour, 270 m NNE of the 
intersection of three roads on the E end of the Goodnough Dike, Quabbin 
Reservoir. 

21 (WD) Medium- to fine-grained, equigranular, dark-gray, very weakly 
foliated, massive hornblende-plagioclase-garnet-biotite amphibolite. 
From the N-facing side of the outcrop on a point 400 m NNE of the 
Quabbin Aqueduct intake, about 1.5 m below the high water mark, 1 m E 
of the giant coticule bed. 

22a (A) Dark-gray, medium-grained, equigranular, poorly foliated, 
homogeneous hornblende-plagioclase-quartz amphibolite. From the middle
upper part of the N-facing roadcut on the S side of Batchelder Rd., 100 
m E of its intersection with South Athol Rd., just N of Rt. 2. 

23 (QR) Medium-grained, dark-gray, poorly foliated, weakly lineated, 
homogeneous hornblende-plagioclase amphibolite. From a low outcrop with 
a 1 m thick folded amphibolite layer associated with a quartz vein, 1 m 
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below the high water mark, at the S end of Mt. Zion Island, Quabbin 
Reservoir. 
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24 (WD) Dark-gray, medium-grained, well lineated, poorly foliated, 
homogeneous hornblende-plagioclase amphibolite. From 2 m below the high 
water mark and 7 m S of a contact with rusty schists in the shoreline 
outcrop, 1,6 km S of the Quabbin Aqueduct intake. 

25 (WD) Dark-gray, massive, coarse-grained hornblende-plagioclase
biotite amphibolite. From the high water mark, 30 m SSE of the point 
located 1.4 km S along the shore from the Quabbin Aqueduct intake. 

26 (WD) Dark-gray, medium-grained, equigranular, poorly foliated and 
unlayered hornblende-plagioclase-biotite amphibolite. From the central 
part of a S-facing roadcut on Rt. 9, 250 m W of its intersection with 
Tavern Rd. This outcrop is depicted in Robinson et al. (1982b, their 
Figure 31; see Figure 48, Appendix 4). 

27a (WD) Medium-gray, poorly foliated, weakly layered, equigranular, 
hornblende-cummingtonite-shiller anthophyllite-plagioclase amphibolite. 
From 3 m below the high water mark, from the core of a narrow isoclinal 
fold in a large amphibolite body in an inlet on the E side of Little 
Quabbin Island, Quabbin Reservoir. 

28a (WD) Dark-gray, medium-grained, poorly foliated, homogeneous 
hornblende-plagioclase-quartz amphibolite. From 3 m below the high 
water mark, 30 cm E of the isoclinal fold at the S end of this large 
amphibolite body, located in an inlet on the E side of Little Quabbin 
Island, Quabbin Reservoir. 

29 (WD) Very dark-gray, medium-grained, well lineated, massive, 
homogeneous hornblende-plagioclase-garnet amphibolite. From 2 m below 
the high water mark on the shoreline outcrop, 1.7 km S of the Quabbin 
Aqueduct intake. 

30 (QR) Medium-grained, dark-gray, poorly foliated, moderately layered 
hornblende-plagioclase-quartz-magnetite amphibolite. From the E side of 
wave-washed ledges on Parker Island, Quabbin Reservoir, about 2 m below 
the high water line. 

31 (QR) Dark-gray, massive, equigranular, poorly foliated or layered, 
medium-grained hornblende-plagioclase-garnet-quartz-magnetite 
amphibolite. From the E side of wave-washed ledges about 2 m below the 
high water mark, Parker Island, Quabbin Reservoir. 

32 (QR) Medium-grained, moderately well foliated, relatively 
homogeneous hornblende-plagioclase-quartz-biotite amphibolite. From 
wave-washed ledges just to the NE of the enormous pegmatite body, 1.5 m 
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below the high water mark on the island N of Parker Island, Quabbin 
Reservoir. 

41 

33 (QR) Medium-gray, coarse-grained, poorly foliated and unlayered, 
homogeneous plagioclase-hornblende-cummingtonite-quartz-garnet
magnetite amphibolite. From the N end of the outcrop on the W side of 
the W summit (not shown on maps) of the island between the baffle dams, 
Quabbin reservoir. 

34 (WD) Dark-gray, weakly foliated, medium-grained hornblende
plagioclase-quartz-garnet amphibolite. From 1.5 m below the high water 
mark, about 15 m Sofa W-jutting point in the shoreline outcrop, 1.85 
km S of the Quabbin Aqueduct intake. 

35a (WL) Dark-gray, poorly foliated, medium-grained, equigranular, 
poorly layered plagioclase-augite-quartz-biotite-orthopyroxene 
granulite. From the middle of the SW-facing part of the roadcut at the 
Send of Holland Rd., where it intersects an exit ramp of Rt. I-86. 



Coarse hornblende crystals occur in some samples set in a fine
grained matrix of hornblende, plagioclase, and other minerals. Also, 
patches of monomineralic polycrystalline plagioclase occur in other 
rocks, set in the typical hornblende-plagioclase matrix. The coarse 
hornblende crystals may be metamorphic replacements after phenocrysts 
of olivine, clinopyroxene, or some other mafic mineral. The 
plagioclase patches may be recrystallized plagioclase phenocrysts. 

Geochemistry of the Mafic Rocks 

In Table J are all 35 analyses of mafic rocks conducted in this 
study. Some aspects of these rocks have been discussed above with 
respect to the suite of Partridge volcanics as a whole. Additional 
details of the mafic rocks will be discussed below. 
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Several lines of evidence were given above to show that the 
Partridge volcanics represent an igneous suite. An additional piece of 
evidence for this which pertains strictly to the mafic rocks is shown 
in Figure 9, where all olivine normative samples are plotted in a 
ternary diagram with respect to normative plagioclase, total pyroxene, 
and olivine. Plotted along with the Partridge data are three lines 
which represent multicomponent regression lines through data from three 
different mid-ocean ridge basaltic glass suites. The point is that the 
olivine normative Partridge samples lie in the same small area as the 
three lines, which is additional evidence that the suite is igneous in 
origin. The scatter in the distribution in Partridge data could be due 
to variations in the quantity and types of phenocrysts in the original 
Partridge samples, their source composition, or the degree and type of 
pre- or synmetamorphic chemical alteration. Indeed, the nepheline 
normative sample 12a is considered to be highly altered (see Chapter 
II), and lies far from the rest of the data. 

Only two rare earth elements (REE) were analyzed during this 
study, La and Ce. In addition, Y has already been used as a proxy for 
a medium-heavy REE. It has been shown, however, that Th, Nb, Zr, Ti, 
in addition to Y, and Sr, emulate the various REE 1 s in basaltic rocks. 
These elements have been analyzed in this study, and will be referred 
to as the "poor man's rare earth elements" (Bougault, 1980). 
Normalizing factors used, element positions with respect to the REE's, 
and other information are given in Table 4. 

Figure 10A is a "poor man's REE" plot of two representative 
samples (11 and 26), the 21 sample average, and envelope curves 
connecting the highest and lowest values for all of the 21 "unaltered" 
samples. In the diagram, the four elements against which the others 
should be compared are Ce, Ti, Y, and V, that, if connected, would form 
slightly curved or straight lines. These elements clearly show (by 
analogy to the REE 1 s) the slight light REE enrichment relative to the 
heavy REE's, and that the suite as a whole has REE enrichments of about 
6-JO relative to chondrites, typical for island arc tholeiites 
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Figure 9. Ternary diagram showing all olivine-normative Partridge 
volcanic samples, plotted in weight % of the normative components 
Diopside+Hypersthene, Plagioclase, and Olivine. The three labeled 
lines are mid-ocean ridge basaltic liquid (glass) composition trends 
from three different areas, taken from Figures 1 and 2 of Bryan and 
Dick (1982). The nepheline-normative sample (12a) is considered to be 
a highly altered composition, resulting in its displacement from the 
rest of the data. 
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Table 3. Chemical analyses and calculated parameters for the 
metamorphosed mafic volcanic rocks of the Partridge Formation. 

Footnotes: 
1 Sample descriptions and locations are given in Table 2, and are 

shown on maps in Figure 47, Appendix 4. A list of synonyms for 
sample numbers is given in Table 43, Appendix 3. Samples with an 
'a' suffix in the sample numbers are thought to have been somewhat 
chemically altered from their original igneous compositions. See 
Chapter II for details. 

2 Molar anorthite content of the normative plagioclase. 
3 Molar Mg/(Mg+Fe+2) in the normative silicates. 
4 Differentiation Index: weight % of normative (Qz+Or+Ab+Ne)/Total. 
5 Major elements in these ratios are in ppm of the element, not the 

oxide. 
6 Chondrite-normalized Ce/Y ratio. Normalizing values are 0.88 ppm 

for Ce (Haskin et al., 1968) and 1.96 ppm for Y (Bougault, 1980). 
7 Molar ratios. 
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8 Sample 18 is an amphibolite from within the Monson Gneiss, not from 
the Partridge Formation. 

9 Average of all 21 Partridge samples which are thought to be 
essentially unaltered from their igneous compositions (no 1a 1 suffix 
in the sample numbers). 
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Table 3, continued. 

Sample 1 1 2a 3a 4a Sa 6 7 Sa 9 

Si02 46.40 46.92 46.95 48.18 48.34 48.36 48.40 48. 56 49.23 
Ti02 .88 1.00 .62 1.36 .88 1. 34 .so 1. 42 .56 
Al203 16.79 16.19 17.99 15.34 16.18 16.39 16.08 15.16 17.58 
Fez03 2.00 1.26 1.13 2.83 1.19 4.40 1.47 1.03 1. 34 
FeO 9.01 10.91 8.15 8.84 8.07 9.60 7.97 10.72 7.55 
MnO .21 .17 .15 .16 .16 .13 .15 .18 .14 
MgO 10.14 7.55 10. 72 11.02 10.29 6.08 9.93 10.22 8.39 
cao 11.69 13.11 12.12 8.93 11.53 9.79 12.18 9.01 11.51 
Na20 1.90 1. 64 1.48 2.42 2.09 2.76 1. 93 2.01 2.65 
K20 .31 .33 .21 .13 • 71 .55 .22 1.10 .29 
Pzo5 .10 .11 .07 .14 .07 .12 .07 .18 .08 

Total 99.43 99:19 99.59 99.35 99.51 99.52 99.20 99.59 99.32 
Mg/(Mg+Fe+2)7 0.667 0.552 0.701 0.690 0.694 0.530 0.689 0.630 0.664 
Mg/ (Mg+l:Fe) 7 0.626 0.528 0.676 0.633 0.667 0.444 0.656 0.610 0.631 
Fe+3/ (l:Fe) 7 0.166 0.094 0.111 0.223 0.117 0.292 0.142 0.079 0.138 
Ca/(Ca+Na)7 0. 773 0.815 0.819 0.671 o. 753 0.662 o. 777 o. 712 0.706 

CIPW Norms 

Qz 
Or 1. 83 1.95 1.24 • 77 4.20 3.25 1. 30 6.50 1. 71 
Plag 52.45 49.72 54.34 51.09 50.36 54.06 50.89 46.10 57.64 
Ne 
Di 17.02 23.52 14.45 10.31 19.49 14.02 20.57 11. 78 17.37 
Hy 3.48 6.66 9. 71 19.14 3.63 15.46 10.73 14.66 5.47 
01 19.85 13.37 16. 86 11.04 18.29 3.53 11. 90 15.94 13.66 
Mt 2.90 1.83 1.64 4.10 1. 73 6.38 2.13 1. 49 1. 94 
Ilm 1.67 1. 90 1.18 2.58 1. 67 2.54 1. 52 2. 70 1. 06 
Ap .23 .26 .16 .33 .16 .28 .16 .42 .19 

Total 99.43 99.21 99.58 99.36 99.53' 99.52 99.20 99.59 99.31 

An2 68.1 70.9 75.9 58.5 63.5 55.3 66.6 61. 7 59.7 
Mgsi3 0.706 0.583 0.725 0.751 o. 726 0.623 o. 724 0.665 0.694 
DI4 0.180 0.160 0.138 0.214 0.220 0.267 0.178 o. 236 0.243 

Trace Elements (ppm) 

v 282 373 194 ~o 240 472 237 312 185 
Cr 440 205 274 195 414 3 424 278 306 
Ni 150 72 198 80 169 12 150 148 99 
Zn 92 95 75 103 63 135 69 84 63 
Ga 16 18 14 19 15 20 15 18 15 

Rb 8.7 6.7 6.7 0.8 13 7.7 2.1 42 2.4 
Sr 162 196 149 151 152 239 138 166 187 
y 15 14 11 27 20 27 17 26 11 
Zr 40 40 32 60 30 46 35 85 27 
Nb 1.9 2.9 0.9 1. 4 0.9 0.8 0.3 1. 7 1. 6 

Ba 51 222 27 18 2145 34 88 707 117 
La 9 3 4 5 1 1 2 4 1 
Ce 11 12 11 17 13 8 8 9 
Pb 5 6 4 6 7 6 4 7 4 
Th 1 3 1 1 0 0 1 1 1 

Mg/NiS 408 632 327 831 367 3056 399 416 511 
K/Rb5 296 409 260 1349 453 593 870 217 1003 
K/Ba5 so 12 64 60 2.7 134 20 12 20 
Ti/zrS 132 150 116 136 176 175 137 100 124 
Zr/Nb 21 14 35 43 33 58 118 50 17 
Rb/Sr 0.054 0.034 0.045 0.005 0.086 0.032 0.015 0.253 0.013 
Cen/Y0 6 1. 6 1. 9 2.2 1.4 1.1 1.0 0.7 1.8 
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Ta.ble .3, continued. 

Sample 1 10 11 12a 13a 14a 15 16a 17 188 

Si02 49.26 49.28 49. 35 49.42 49.45 49.73 49.87 49.88 50.03 
Ti02 . 86 • 72 1. 55 .95 2.37 1. 73 . 76 .74 1.60 
Al203 15.94 16.50 16 .15 16.94 15.53 14.51 17.35 17.43 14.88 
Fe203 1. 42 1.17 1. 68 3. 78 1. 62 1. 85 . 88 1. 29 3.97 
FeO 8.90 7.55 12. 37 6.60 10.65 13. 86 9.33 7.81 9.78 
MnO .17 .16 .14 .16 .20 .15 .17 .13 .28 
MgO 9.40 9.01 6. 81 6.73 6.38 6.86 8.95 7.54 6. 72 
CaO 10.47 11. 79 4. 78 14.03 10.02 7.79 10.00 11. 51 8.19 
Na20 2.18 2.60 3.53 1.08 2.98 2.56 2.12 2.84 3.99 
K20 .30 .29 3.03 .28 .16 .29 .21 .28 .24 
P205 .10 .08 .17 .13 .27 .17 .08 .09 .15 

Total '99.0o 99.15 99. 56 100.10 99.63 99.50 99:72 99.54 99.83 

Mg/(Mg+Fe+2)7 0.653 0.680 0.495 0.645 0.516 0.469 0.631 0.632 0.550 
Mg/ (Mg+l:Fe) 7 0.622 0.651 0.467 0.545 0.484 0.441 0.612 0.600 0.473 
Fe+3/ (l:Fe} 7 0.125 0.122 0.109 0.340 0.120 0.107 0.078 0.129 0.267 
Ca/(Ca+Na)7 o. 726 o. 715 0.428 0.878 0.650 0.627 0. 723 0.691 o. 531 

CIPW Norms 

Qz 4.91 
Or 1. 77 1. 71 17.91 1. 95 .95 1. 71 1. 24 1. 65 1. 42 
Plag 51.27 54.49 45.67 49.69 53. 75 48.90 55.14 58.01 55. 74 
Ne 1. 88 
Di 15.03 20.66 2. 77 22.79 16.03 8.58 9. 72 18.39 14.48 
Hy 18.59 4.78 13.48 18.10 33.35 24.54 16.98 10.49 
01 8.42 14.25 25.56 3.35 .59 6.18 11.02 8.56 
Mt 2.06 1. 70 2. 44 5.48 2.35 2.68 1. 28 1. 87 5.76 
Ilm 1.63 1. 37 2. 94 1. 80 4.50 3.29 1. 44 1. 41 3. 04 
Ap .23 .19 .40 . 30 .63 .40 .19 .21 .35 

Total 99.00 99.15 99. 57 100.10 99.66 99.50 99.73 99. 54 99. 84 

An2 62.6 58.2 40.8 80. 7 51. 6 54.2 66.2 57.1 38.0 
Mgsi 3 0.686 o. 711 0. 539 0.740 0.587 0.513 0.654 0.667 0.637 
DI4 0.204 0.239 0. 464 0.157 0.263 0.235 0.192 0.258 0.352 

Trace Elements (ppm) 

v 279 246 272 355 286 664 295 268 383 
Cr 405 548 260 172 221 7 304 242 90 
Ni 151 96 85 30 86 18 59 49 34 
Zn 87 71 96 77 123 134 72 62 186 
Ga 16 15 18 17 21 20 17 16 19 

Rb 7.7 3.9 75 4.8 2.4 3.7 8. 7 3.2 2.2 
Sr 249 191 146 166 379 157 224 221 111 
y 18 13 30 14 44 27 14 11 33 
Zr 41 27 88 31 202 54 29 26 68 
Nb 0.5 1.1 3.3 1. 3 4.8 1. 8 1.0 1. 7 2.2 

Ba 100 115 100 366 8 85 370 177 57 
La 8 2 4 8 10 7 0 7 
Ce 9 10 16 11 32 16 12 7 24 
Pb 8 4 6 1 13 8 3 8 6 
Th 2 1 0 2 2 0 1 2 0 

Mg/Ni5 375 566 483 1353 447 2298 915 928 1192 
K/Rb5 323 617 335 484 553 651 200 726 906 
K/Ba5 24 20 251 6 166 28 4.7 13 35 
Ti/zr5 126 160 106 184 70 192 157 171 141 
Zr/Nb 82 25 27 24 42 30 29 15 31 
Rb/Sr 0.031 0.020 o. 516 0.029 0.006 0.024 0.039 0.014 0.020 
Ce0 /Y0 6 1.1 1. 7 1. 2 1. 8 1. 6 1.3 1.9 1.4 1. 6 
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Table 3, continued. 

Sample 1 19 20 21 22a 23 24 25 26 27a 

Si02 50.27 50.28 50.83 50.84 50.85 50.86 50.95 51.11 51.55 
Ti02 .80 1.54 2.83 1. 83 1. 73 1.41 1.10 1.48 1.07 
Al203 16.94 15.01 14.91 15.16 15.75 14.81 16.23 16.21 16. 75 
Fe203 1.41 2.24 2.03 1.13 1. 47 2.82 1.64 1. 27 1. 59 
FeO 8. 72 12.24 11.86 9.63 9.17 11.46 8.89 9.21 9.38 
MnO .15 .32 .24 .20 .20 .24 .18 .18 .14 
MgO 7.23 5.83 5.35 7 .47 6.42 S.05 7.12 6.70 7.79 
CaO 11.41 7.30 9.01 11.41 10.84 10.18 10.24 10.30 7.59 
Na20 2.37 2.27 2.06 1.53 2.67 2.64 2.88 2.92 3.52 
K20 • 39 .27 .so .39 .45 .S4 .so .46 .15 
P205 .10 .16 .29 .14 .17 .18 .12 .20 .14 

Total 99-:79 99.46 99:91 99.73 99.72 100.19 99.85 100.04 99.67 
Mg/(Mg+Fe+2)7 O.S96 0.4S9 0.446 O.S80 0.55S 0.440 O.S88 O.S6S 0.597 
Mg/ (Mg+l:Fe) 7 0.563 0.422 0.411 O.SS6 o.s22 0.391 o.sso O.S36 0.562 
Fe+3/ (l:Fe) 7 0.127 0.141 0.133 0.09S 0.126 0.181 0.142 O.llO 0.132 
Ca/(Ca+Na)7 0. 727 0.640 0.707 0.805 0.692 0.681 0.663 0.661 0.544 

CIPW Norms 

Qz 6.01 3.66 .26 1. 77 
Or 2.30 1.60 2.9S 2.30 2.66 3.19 2.9S 2.72 . 89 
Plag 54.49 S7.12 47.39 46.30 S2.25 49.31 S4.2S 54.47 S9.2S 
Ne 
Di 17.65 11.83 10.69 18.32 18.91 18.69 16.51 16.47 S.96 
Hy 17.21 8.31 23.87 23. 71 19.82 20.06 16.68 18.34 23.56 
01 4.34 14.06 4. 71 2.93 5.35 
Mt 2.04 2.25 2.94 1. 64 2.13 4.09 2.38 1.84 2.31 
Ilm 1. 52 2.92 5.37 3.48 3.29 2.68 2.09 2.81 2.03 
Ap .23 . 38 .68 .33 .40 .42 .28 .47 . 33 

Tiital 99.77 99.47 99.90 99.74 99.72 100.21 99.8S 100.0S 99. 68 

An2 61.2 35.4 61.2 70.8 SS.3 53.2 53.6 53.2 48.2 
Mgsi3 0.632 0.505 0.524 0.634 0.615 0.495 0.633 0.615 0.639 
or4 0.224 0.379 0.264 0.190 0.256 0.272 0.274 0.274 0.308 

Trace Elements (ppm) 

v 298 427 338 321 294 429 313 333 314 
Cr 204 21 47 247 230 25 222 185 229 
Ni 44 17 36 91 54 17 59 53 63 
Zn 84 165 135 99 101 134 81 89 61 
Ga 16 20 23 19 18 19 16 18 18 

Rb 3.5 4.7 5.6 4.4 7.6 3.7 5.3 1. 6 1. 5 
Sr 175 !OS 165 179 276 184 214 136 141 
y 13 28 53 32 31 21 18 27 19 
Zr 27 67 227 74 12S 42 51 83 60 
Nb 1. 7 2.0 5.6 1. 6 3.0 1.5 1.5 2.7 2.4 

Ba 89 44 104 52 83 37 149 62 15 
La 1 5 16 3 9 0 8 9 5 
Ce 12 29 43 12 21 ll 17 21 20 
Pb 7 6 31 5 10 6 5 7 4 
Th 0 0 3 1 1 1 1 1 1 

Mg/Ni5 991 2068 896 495 717 1792 728 762 746 
K/Rb5 925 477 741 736 492 1212 783 2387 830 
K/Ba5 36 50 39 62 45 121 27 61 83 
Ti/zr5 178 138 75 148 83 201 129 107 101 
Zr/Nb 16 34 41 46 42 28 34 31 25 
Rb/Sr 0.020 0.045 0.034 0.02S 0.028 0.020 0.025 0.012 O.Oll 
Cen/Yn6 2.1 2.3 1.8 0.8 l.S 1. 2 2.1 1. 7 2.3 



48 

Table 3, continued. 

Sample 1 28a 29 30 31 32 33 34 35a Average 9 

Si02 51. 74 52.73 52.88 52.98 53.3S 54.34 50.70 
Ti02 1.11 .94 .98 1.00 1. 64 1.21 .89 1.00 1. 20 
Al203 16.22 15.56 lS.96 16.13 16.05 14.24 14. 77 17.04 15.89 
Fe203 2.22 2.30 2.93 2.31 .99 1.31 1. 9S .41 1. 99 
FeO 8.Sl 11.12 9.S9 10.35 8.68 11.64 10.61 8.S2 9.80 
MnO .14 .21 .21 .20 .17 .18 .20 .13 .19 
MgO 6.64 S.52 4.49 S.19 6.28 7.12 4.96 5.90 6.89 
Cao 11.10 9.24 9.64 8.54 9.91 7.67 8.67 8.22 9.98 
Na20 1. 33 2.38 2.89 2.81 2.38 2.S9 2.39 3.18 2.51 
K20 .21 .37 .33 .17 .36 .16 .44 1.13 .36 
P205 .15 .10 .13 .14 .19 . ls .12 .23 .14 

Total 99.37 100.16 99.88 99.82 99.63 99.62 99 .S6 100.10 99.65 

Mg/(Mg+Fe+2)7 O.S82 0.469 0.455 0.472 0.563 0.522 0.455 0.552 0.556 
Mg/ (MgHFe) 7 0.530 0.427 0.396 0.425 0.539 0.498 0.417 0.542 0.514 
Fe+3/ (l:Fe) 7 0.190 0.157 0.215 0.173 0.093 0.092 0.142 0.041 0.154 
Ca/(Ca+Na)7 0.822 0.682 0.750 0.627 0.697 0.621 0.667 0.588 0.815 

CIPW Norms 

Qz 8.38 5.03 5.47 5. 77 6.00 5.29 9.08 2.08 .55 
Or 1.24 2.19 1. 95 1.00 2.13 .9S 2.60 6.68 2. 31 
Plag 48.92 S0.82 54.05 S4.68 52.18 48. 68 48.49 S5. 79 52.27 
Ne 
Di 13.42 12.08 14.45 8.78 13.00 8.53 ll.6S 8.57 14.46 
Hy 21.20 24.24 17.07 23.39 20.53 31.0S 22.51 23.47 24. 76 
01 
Mt 3.22 3.33 4.25 3.49 1.44 1.90 2.83 .59 2.88 
Ilm 2.65 2.2s 2.34 2.35 3.92 2.89 2.13 2.39 2.28 
Ap .35 .23 .30 .33 .45 .3S .28 .54 .33 

TOt:al 99.38 100.17 99.88 99.83 99.66 99.64 99.57 100.11 99.66 

An2 75.9 58.9 S3.3 55.l 60.0 53.S 56.9 S0.3 57.9 
Mgsi3 0.659 0.522 0.529 0.534 0.646 0.571 0.504 0.598 0.605 
DI4 0.210 0.273 0.319 0.306 0.284 0.283 0.320 0.3S6 0.240 

Trace Elements (ppm) 

v 332 3S6 321 275 237 400 344 283 -333 
Cr 144 24 20 24 192 10 14 SS 171 
Ni 51 12 10 11 51 18 11 2S 53 
Zn 89 122 111 131 91 113 101 79 103 
Ga 17 18 19 20 19 19 18 21 18 

Rb 2.8 2.8 2.6 1. 9 3.9 3.1 4.6 45 4.3 
Sr 179 160 141 193 263 197 1S6 325 186 
y 20 14 16 16 34 23 12 29 21 
Zr 64 21 21 23 165 54 18 79 58 
Nb 2.3 0.9 1.1 0.8 5.1 2.0 l. 3 4.7 1. 9 

Ba 37 90 19 11 50 86 59 798 78 
La 9 2 s 1 14 6 5 10 s 
Ce 23 9 11 15 37 17 11 17 16 
Pb 5 5 s 4 11 6 5 10 7 
Th 2 l l 1 3 2 1 0 l 

Mg/Ni5 785 2774 2708 2846 743 2386 2719 1423 784 
K/Rb5 623 1097 1054 743 766 428 794 208 69S 
K/BaS 47 34 144 128 59 15 61 11 38 
Ti/zr5 104 268 280 261 60 134 290 76 124 
Zr/Nb 28 23 19 29 32 27 14 17 31 
Rb/Sr 0.016 0.018 0.018 0.010 0.015 0.016 0.029 0.138 0.023 
Ce0 /yn6 2.6 1. 4 1. 5 2.1 2.4 1.6 2.0 1. 3 1. 7 
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Table 4. List of normalizing values, average mafic and felsic 
compositions, and positions for elements used in the "poor man's rare 
earth" element diagrams. Chondrite normalizing values for Th, Nb, Zr, 
Ti, Y, and V are from Bougault (1980, page 73); La and Ce are from 
Haskin et al. (1968); and Sr is from Sun and Nesbitt (1977, Table 2A). 
REE Positions of the elements are with respect to the Lanthanide order: 
La=1, Ce=2, •••• , Lu=15. All element positions but Sr are from 
Bougault (1980). The Sr position is from J.M. Rhodes, oral 
communication (1984). 

REE Chondrite 21 sample Average 
Element Position Normalizing Average Felsic 

Factor Rock 
Th 0 0.04 ppm 1.1 ppm 4.9 ppm 
La 1 0.33 5.3 18 
Nb 1.4 0.5 1.85 4.0 
Ce 2 0.88 16 45 
Zr 5.2 6 58 169 
Ti 6.4 550 7188 1235 
Sr 7 11 186 116 
y 9.4 1.96 21 41 
v 16 40 333 8 
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Figure 10. "Poor man's rare earth element" diagram for the mafic 
Partridge volcanics, and arc volcanic rocks for comparison. The 
vertical axis represents element concentrations normalized to 
chondrites (see Table 4 for explanations). A) Mafic Partridge 
volcanic rocks. Upper and lower thin lines connect the highest and 
lowest values, respectively, for the 21 unaltered samples. The heavy 
line is the 21 sample average. Two representative mafic samples, 11 
and 26, are shown for comparison. For the lowermost curve, Th and La 
contents were estimated to be 0.4 and 2.6 ppm, respectively, rather 
that the analyzed values of zero and 1 ppm. B) Examples of other 
tholeiitic arc basalts, with envelope values for the Partridge mafic 
volcanics included for comparison. IA-4, IA-7, and IA-10 are from the 
New Britain arc (Basaltic Volcanism Study Project, 1981, Tables 1.2.7.3 
to 1.2.7.7). 17 is an average tholeiitic basalt from the Sundra arc 
(same reference, Tables 1.2.7.12 to 1.2.7.16). 
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Figure 10, continued. 
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(Basaltic Volcanism Study ect, 1 1.2.7 9 and 1.2.7.10). 

The fact that the Ce-Y 
neither garnet nor sphene were 
present, these would strongly deplete 
Additionally, the lack of any 
rocks suggests that Fe-Ti oxides were 
source. 

is small 
in the source. 

_ melts in Y. 
depletion in Ti and V 

also not residual phases 

that 
If 

these 
in the 

There appear to be small (up to a factor of three) and 
negative Sr anomalies relative to the Ce-Ti-Y-V curves. Because Sr 
emulates Eu+2, these anomalies are caused 
accumulation or fractionation, • The Sr for the 21 
sample average is almost nil, suggesting that the source of 
basalts did not contain residual plagioclase. 

Most samples have Zr anomalies of factors of -1.2 to -2, and Nb 
anomalies of factors of -4 to -10. These anomalies reflect 
depletions of these elements in the volcanics which are 
typical of island arc tholeiites (e.g. Basaltic Volcanism 
Project, 1981, analyses J,7,8 and 17 in Table 1.2.7.15 and IA-3 through 
IA-12 in Table 1.2.7.6). 

The concentrations of Th and La are so low that analytical 
uncertainty limits the usefulness of any discussion of them. Suffice 
it to say that La behaves much like Ce, as it and that Th 
generally has a higher normalized abundance than Ce, supporting the 
light REE-enriched pattern for these 

In summary, the elements Ce, Ti, Y, and V fall on smooth, nearly 
straight curves in 11 poor man's REE" diagrams, suggesting that the 
source of the Partridge mafic volcanics also had abundances of these 
elements which fell on similar smooth curves. The lack of Y or Ti and 
V anomalies suggests that there was no significant residual garnet or 
Fe-Ti oxides in the source. The lack of any significant Sr anomaly for 
the suite as a whole also that plagioclase was not a or 
residual source phase. Therefore, whatever the source of the basalts, 
garnet, Fe-Ti oxides, spinel, and/or plagioclase was exhausted during 
melting. The factor of 3 to 10 range on concentration of the 
man's REE 1 s 11 in the Partridge suite could be due to different source 
compositions, different degrees of partial melting, concentration of 
the incompatible elements by crystal fractionation, or concentration of 
compatible elements by the accumulation of appropriate 

For comparison purposes, Figure 10B is a 11 poor man's REE" 
showing four representative island arc basalt compositions, three 
samples from the New Britain arc (IA-4,IA-7, IA-10), and an average 
tholeiitic basalt composition from the Sundra arc (17). Envelope 
values for the Partridge basalts are also shown. All four tholeiitic 
compositions have chondrite-normalized patterns very similar 
of the Partridge volcanics, including slightly 



slopes (by analogy to the "poor man's REE's 11 ), and large negative Nb 
anomalies. Three of the four samples, however, have positive Sr 
anomalies larger than any in the Partridge mafic samples. In general, 
however, the patterns are very similar. 

Tectonic Setting Discriminants 
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Referring back to Figure 7, there is a concentration of data in 
the range 1.5-8.7 ppm Rb for the mafic Partridge volcanics (4.3 ppm for 
the 21 sample average). This range compares favorably with that of 
island arc tholeiites and low-K tholeiites of various types (8 and 3.2 
ppm Rb, respectively, Hart et al., 1970), and back-arc basin basalts 
(2.5-5.6 ppm Rb, Hart et al., 1972). For Ba, the concentration of 
mafic Partridge data in the 20-150 ppm range (78 ppm for the 21 sample 
average) also compares favorably to the same suites (160 and 100 ppm Ba 
for arc and low-K tholeiites, respectively, and 26-47 ppm Ba for back
arc basin basalts). The Rb and Ba Partridge data and the 21 sample 
average do not compare favorably with mid-ocean ridge basalts, which 
have about 1:1" ppm Rb and 10.5 ppm Ba (Hart et al., 1972). 
Additionally, the K/Ba ratio of the 21 sample average is 38, comparing 
somewhat favorably with 25 and 22 for arc and low-K tholeiites (Hart et 
al., 1970) but not with >85 and about 110 for back-arc basin and mid
ocean ridge basalts (Hart et al., 1972). 

Figure 11 is a multicomponent tectonic setting discriminant 
diagram based on several of the major elements, after Pearce (1976). 
Only data with <54% Si02 and 12-20% CaO+MgO are plotted, as required by 
the diagram. In Figure 11A, most of the data (15 samples) lie in the 
field of calc-alkaline and low-K arc tholeiites, one lies in the field 
of within-plate basalts, two within the field of ocean floor basalts, 
and six outside of all fields. In Figure 11B, ten samples lie in the 
low-K arc tholeiite field and 13 in the ocean floor basalt field. 
Because these two diagrams can be thought of as projections on to two 
faces of a cube having F1, F2, and F3 as axes, these results may be 
interpreted as supporting the earlier suggestion that the Partridge 
mafic rocks are probably related to island arc volcanism. 

Figure 12 is a Zr/Y vs. Zr tectonic setting discriminant diagram 
for basaltic rocks. The three polygons are after Pearce and Norry 
(1979), whereas the horizontal line separating continental from oceanic 
arcs is from Pearce (1983). This diagram uses only immobile elements, 
in contrast to Figure 11 which relies heavily on readily altered major 
elements. 28 samples lie in the island arc polygon, of which 10 lie in 
that part of the polygon which overlaps the polygon of mid-ocean ridge 
basalts. Four samples which are anomalously enriched in Zr relative to 
the others lie in the within-plate basalt polygon, and two samples lie 
outside of all polygons but in close proximity to the island arc 
polygon. Similarly, 26 samples lie below the continental arc-oceanic 
arc boundary line within the oceanic arc field, but only eight lie 
above the line in the continental arc field. Both discriminants give 
supporting evidence for an island arc origin for the mafic Partridge 
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Figure 11. Plots of volcanic rocks in the Partridge Formation on 
eigenvector tectonic setting discriminant diagrams for basaltic rocks, 
after Pearce (1976). Axes represent multicomponent discriminant 
functions based on several of the major elements. All plotted samples 
have <54% Si02 and 12 to 20% MgO+CaO, as required by the algorithm. 
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Figure 12. Zr/Y vs. Zr tectonic setting discriminant diagram for 
basaltic rocks. The polygon fields are modified after Pearce and Norry 
(1979). The thick horizontal line is after Pearce (1983). All 
analyzed mafic Partridge volcanic rocks are shown. 
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volcanics. 

INTERMEDIATE ROCKS OF THE PARTRIDGE FORMATION 

Mineralogy 

As described previously, the intermediate rocks form a very 
heterogeneous group. All have quartz, biotite, and plagioclase, which 
ranges in composition from An24 to An48 (Table 5). Hornblende occurs 
in the five most mafic samples, and garnet occurs in all but the most 
mafic sample (36, which also contains cummingtonite and anthophyllite). 
Clinopyroxene and orthopyroxene occur only in one sample (40) which is 
from metamorphic Zone VI. Besides the common accessory minerals 
present in the mafic rocks, monazite was identified in sample 41. For 
other details, see the estimated modes and other data in Table 5, and 
the sample descriptions in Table 6. 

Geochemistry: 

Table 7 contains chemical analyses for the seven Partridge 
volcanic rocks of intermediate composition. The heterogeneity of the 
suite is readily apparent by looking at the K20, V, Y, Nb, and Ba 
contents, and at the Zr/Nb, Rb/Sr, and Cen/Yn ratios, all of which vary 
widely, and most of which cannot be easily changed by alteration 
processes. 

Referring back to Figure 5 (major element vs. silica variation 
diagrams), the intermediate rocks lie in the basalt to dacite trend for 
the oxides Ti02, FeO, MgO, Cao, Na20, K20, Na20+K20, the ratios 
Mg/(Mg+Fe) and Ca/(Ca+Na), and normative diopside-corundum. This 
suggests that in general, the intermediate rocks are igneous and are 
related in some way to the mafic and felsic rocks. However, some or 
all of the intermediate rocks do not lie in the basalt to dacite trend 
for the oxides Al203, P205, and the differentiation index. For Al203 
and P205, the displacements from the igneous trends are toward high 
concentrations of these oxides. In the differentiation index vs. 
silica diagram it appears that the mafic and.intermediate rocks form 
one trend, and that the felsic rocks lie off that trend. 

The intermediate rocks have low concentrations of the compatible 
elements Ni and Cr, like the dacites (Figure 7). The intermediate 
rocks lie on the igneous trend in the V vs. silica diagram at 
intermediate V contents. For the other elements (Zr, Y, Sr, Rb, Ba, 
and Cen/Yn) the data are scattered but generally lie between the mafic 
and felsic rock fields, with a few notable exceptions (e.g. Zr of 474 
ppm for sample 41). In Figure 8 (Zr vs. Nb), differences among the 
intermediate rocks are readily apparent, with respect to both the 
absolute abundances of Zr and Nb, and their ratios, which are difficult 
to change (see Table 41, Appendix 1, for a comparison of Zr and Nb 
distribution coefficients). 
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Table 5. Estimated modes in thin section of metamorphosed volcanic 
rocks of intermediate composition in the Partridge Formation. Samples 
are listed in order of increasing silica content, as in Table 7. 
Explanations of footnotes and abbreviations are given in Table 1. 

Sample 36 37 38 39 40 41 42 

Quartz 33 10 15 20 30 20 25 
Plagioclase 1 47 58 49 55 54 58 61 
K-f eldspar 1 o,m 10 0 

Myrmeckite 1 

Muscovite 3 R? 
Biotite 1 15 tr 5 7 7 10 
Hornblende 8 L 10 30 12 1 
Cummingtonite 3 L tr R 
Orthoamphibole 5 
---

Clinopyroxene tr 
Orthopyroxene 5 
Garnet 3 5 5 2 3 tr 

Ilmenite 1 1 2 tr tr tr 
Magnetite 2 
Sulfide tr tr po tr tr W tr tr W 
Rutile tr R 

Sphene 2 
Zircon tr tr tr tr tr tr 
Allanite tr tr tr tr tr? tr? 
Apatite 1 1 tr 1 tr l tr 
Honazite tr 

Chlo rite tr mgR l mgR 
Sericite tr R tr R tr R tr R tr R 
Calcite tr R 

Plag. An % 6 42 42 48 33 44 24 39 

Retrograding5 slight slight slight slight slight slight mod. 
Texture2 gran. gran. gran. gran. 
Phenocrysts3 Plag. 

Bio. color 4 MYB DB MRB MYB DRB DOB MB 
Hbl. color 4 MBlG MOG MOG HG Bl MBG 

2V 70°- 70°- 70°- 60°-
<lisp. r>v r<v r>v r>v 
ZAc 15° 14° 12° 17° 

Cum. color 4 PG c 
2V 70°+ 
<lisp. r<v 
ZAc 22° 

Oam. color 4 FT 
2V 65°+ 
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Table 6. Hand specimen descriptions and sample localities of 
intermediate volcanic rocks from the Partridge Formation. Maps 
showing the localities are given in Figure 47, Appendix 4. In 
parentheses after each sample number is an abbreviation of the name 
of the 7.5 minute quadrangle from which the sample was collected. 
The abbreviations are as follows: (QR) Quabbin Reservoir; (WN) 
Warren; (WD) Winsor Dam). 

36 (WD) Medium-gray, rather layered but poorly foliated medium-grained 
plagioclase-quartz-hornblende-cummingtonite-schiller anthophyllite
biotite-magnetite gneiss. Taken from 3 m below the high water mark on 
the W limb of a narrow isocline in a large amphibolite body located in 
an inlet on the E side of Little Quabbin Island, Quabbin Reservoir. 

37 (QR) Medium-grained, massive, plagioclase-hornblende-garnet gneiss. 
Somewhat rusty weathering with trace pyrrhotite. From 2.5 m below the 
high water mark, just NE of a large infold of rusty schist at the N end 
of a large outcrop on the NW side of the island between the baffle 
dams, Quabbin Reservoir. 

38 (QR) Medium-gray, poorly foliated and layered hornblende
plagioclase-quartz-garnet gneiss. Taken from a low ledge on the E side 
of the island N of Parker Island, N along the shore from the giant 
pegmatite body and a 1 m thick diabase sill, Quabbin Reservoir. 

39 (WD) Medium-gray, medium-grained, thinly-laminated, weakly foliated 
plagioclase-hornblende-quartz-garnet-biotite gneiss. From the upper
central part of a roadside outcrop located 280 m S along the road due S 
of Little Quabbin Island, Quabbin Reservoir. 

40 (WN) Brownish-gray, medium-grained, equigranular, somewhat layered 
plagioclase-quartz-biotite-orthopyroxene-garnet granulite. From about 
road level from a large, NE-facing roadcut on Rt. I-90, just E of Alum 
Pond Rd., about 17 m SE of the contact of calc-silicate rocks at the W 
end of the outcrop and the OPX-gneisses in the central part. 

41 (WD) A distinctive medium-gray, coarse-grained, thinly layered, 
poorly foliated plagioclase-quartz-K-feldspar-biotite-garnet gneiss. 
From the E part of a S-facing outcrop 250 m W of the intersection of 
Rt. 9 and Tavern Rd. This outcrop is depicted in Robinson et al. 
(1982b, their Figure 31; see Figure 48, Appendix 4), where it is shown 
as a distinct "biotite-rich garnet-feldspar gneiss" unit. 

42 (QR) medium-gray, poorly foliated and layered felsic plagioclase
quartz-biotite-garnet gneiss. From the top of a large rounded outcrop 
of felsic gneiss at the S tip of Mt. Zion Island, just W of the baffle 
dam, Quabbin Reservoir. 



Figure 13 is a 11 poor man's REE11 diagram with all intermediate 
Partridge volcanic rocks plotted, normalized to the 21 sample basalt 
average (Table 3). The basalt normalization was done because it is 
assumed that the intermediate rocks are in some way derived from the 
mafic rocks. 
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All of the intermediate rocks are light REE enriched (by analogy 
with the "poor man's REE") with respect to both chondrite and to the 21 
sample basalt average. Two samples, 36 and 39 are anomalous because of 
pronounced negative Nb anomalies with no major parallel Zr anomaly. 
Sample 41 in contrast has a notable positive Zr anomaly. All samples 
are depleted in Ti with respect to Zr, all but samples 40 and 42 are 
depleted in Sr with respect to Zr, and all but sample 42 are depleted 
in V with respect to Y. 

To summarize Figure 13, it would appear that the data can be 
divided into four groups, based on positive (+) or negative (-) 
anomalies, or kinked vs. straight Sr-Y-V lines in Figure 13: 

Sam£les 
42 
37,38,40 
36,39 
41 

-(Yn/Vn) 
+(Yn/Vn) 
+(Yn/Vn) 
+(Yn/Vn) 

Distinguishing Parameters 

+(Nbn/Zrn) 
-(Nbn/Zrn) 
-(Nbn/Zrn) 

Straight Sr-Y-V 
Kinked Sr-Y-V 
Kinked Sr-Y-V 

Origin of the Intermediate Rocks 

-(Nbn/Cen) 
+(Nbn/Cen) 

Three types of models were used to approximate the bulk 
compositions of the intermediate rocks: 

1) Rayleigh fractionation of a parent magma having the composition of 
the 21 sample basalt average. 

2) Batch melting of a source having the composition of the 21 sample 
basalt average. 

3) Batch melting of a source having the composition of the 21 sample 
basalt average, followed by Rayleigh fractionation of crystals from 
the resulting melt. 

The 21 sample average was used as the starting composition for 
lack of a better one. Only "poor man's REE's" were modeled. The 
minerals used in the models included plagioclase, clinopyroxene, 
orthopyroxene, hornblende, olivine, garnet, titanomagnetite, apatite, 
and zircon. Distribution coefficients used are given in Table 41 of 
Appendix 1. Modeling was done using an interactive computer program 
written by myself. Five samples were modeled (36, 39, 40, 41, and 42), 
representative of the four groups given in the preceeding section. 

Except for samples 36 and 39, the best fit to the data was 
provided by models requiring partial melting of mafic material, with or 
without subsequent fractional crystallization. This suggests that the 



Table ?. Chemical analyses and calculated parameters for volcanic 
rocks of intermediate composition in the Partridge Formation. 

Footnotes: 
1 Sample descriptions and locations are given in Table 6, and are 

shown on maps in Figure 47, Appendix 4. A list of synonyms for 
sample numbers is given in Table 43, Appendix 3. 

2 Molar anorthite content of the normative plagioclase. 
3 Molar Mg/(Mg+Fe+2) in the normative silicates. 
4 Differentiation Index: weight % of normative (Qz+Or+Ab)/Total. 
5 Major elements in these ratios are in ppm of the element, not the 

oxide. 
6 Chondrite-normalized Ce/Y ratio. Normalizing values are 0.88 ppm 

for Ce (Haskin et al., 1968) and 1.96 ppm for Y (Bougault, 1980). 
7 Molar ratios. 
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Table 7, continued. 

Sample 1 36 37 38 39 40 41 42 

Si02 57. 05 60.60 61. 46 62.48 64.01 65. 72 67. 53 
Ti02 1.07 1.19 .60 1.08 .62 .93 .34 
Al203 17.08 16.65 16.40 15.25 16.4 7 16.14 17.48 
Fe203 2.43 .88 .88 1. 35 .40 .33 .53 
FeO 7.28 6. 71 7 .41 7.34 5.49 5.11 2.33 
MnO .10 .15 .17 .21 .16 .12 .03 
MgO 4.14 2.49 2.55 2.07 2.63 1. 33 1. 79 
Cao 6.23 5. 71 7 .41 5.78 5.46 2.79 4.36 
Na20 4.14 2.89 2.97 3.30 3.48 4.20 3.92 
K20 .14 2.03 .39 .34 1.14 2.68 1.60 
P205 .25 .29 .10 .44 .12 . 31 .08 

Total 99.91 99.59 100.34 99.64 99.98 99.66 99.99 

Hg/(Mg+Fe+2)7 0.503 0.398 0.380 0.335 0.461 0.317 0.578 
Mg/(Mg+i::Fe)7 0.438 0.372 0.357 0.301 0.445 0.305 0.532 
Fe+3/(i:Fe)7 0.231 0.105 0.096 0.142 0.061 0.055 0.170 
Ca/(Ca+Na)7 0.454 0.522 0.580 0.492 0.464 0.269 0.381 

CIPW Norms 

Qz 9.96 ---r6.'87 19.24 23.20 20.34 20.78 25.44 
Or .83 12.00 2.30 2.01 6.74 15.84 9.45 
Plag 62.64 50.89 55.40 53. 71 55.40 47.36 54.28 
Car .01 2.00 1. 56 
Di 1.37 4.93 .01 .29 
Hy 18.45 15.04 15.52 15.17 14.87 10.28 7.49 
Mt 3.52 1. 28 1. 28 1. 96 .58 .48 . 77 
Ilm 2.56 2.84 1.43 2.58 1. 48 2.22 .81 
Ap .59 .68 .23 1.03 .28 .73 .19 

r;;tal 99.92 99.61 100.33 99.65 99:98 99.69 99.99 

An2 42.6 50.5 53.2 46.5 45.4 23.9 37.5 
Mgsi3 0.606 0.480 0.417 0.404 0.504 0.385 0.659 
DI4 0.459 0.535 0.465 0.533 0.565 o. 724 0.681 

Trace Elements (ppm) 

v 273 127 175 6 131 80 -"68 
Cr 50 3 3 2 22 21 9 
Ni 22 10 5 6 13 18 7 
Zn 59 89 94 160 64 104 37 
Ga 20 18 18 21 18 20 18 

Rb 1. 7 57 4.1 4. 7 37 87 50 
Sr 223 366 155 158 296 130 289 
y 88 24 17 38 24 76 2.5 
Zr 69 191 63 77 91 474 48 
Nb 1.1 14.9 2.7 1.2 6.3 9.8 3.6 

Ba 17 988 110 53 340 663 478 
La 10 42 8 9 14 30 17 
Ce 28 58 28 22 36 64 21 
Pb 6 29 11 4 10 23 8 
Th 2 11 2 2 4 15 2 

Mg/Ni5 1135 1502 3076 2081 1220 446 1542 
K/Rb5 684 296 790 601 256 256 266 
K/Ba5 68 17 29 53 28 34 28 
Ti/zr5 93 37 57 84 41 12 43 
Zr/Nb 63 13 23 64 14 48 13 
Rb/Sr 0.008 0.156 0.026 0.030 0.125 0.669 0.173 
Cen/Yn6 0.7 5.4 3. 7 1. 3 3.3 1. 9 18.7 
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Figure 13. "Poor man's rare earth element" diagram showing all seven 
Partridge samples of intermediate composition. Vertical axis 
represents element contents normalized to the 21 sample average, not to 
chondrites (see Table 4 for explanations). (*) means the sample is 
corundum-normative. The four groups of intermediate samples, as 
discussed in the text, are differentiated by different line patterns. 
The groups are of samples 36 and 39; 37, 38, and 40; 41; and 42. 
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composition gap between the mafic and more felsic Partridge samples is 
due to differing origins: the more mafic material having been derived 
from the mantle (discussed above), and the intermediate and felsic 
rocks having been derived by partial melting of mafic crustal material. 
Such an origin of intermediate and felsic volcanics in an island arc 
setting has been suggested for the Ammonoosuc Volcanics (Schumacher, 
1983), and for modern volcanic arc suites (e.g., Smith and Johnson, 
1981, for the New Britain arc). 

Review of Models for the Intermediate Partridge Volcanics 

Samples 36 and 39. It was found to be impossible to approximate 
these two samples using batch melting and/or fractional 
crystallization, the 21 sample average starting composition, and the 
nine minerals used in the models. The principal difficulties were 
changing the Nb/Zr ratios, making the Ce~/Yn ratios <1, and depleting 
the samples in V (particularly sample 39J while maintaining Ti02 
contents near that of the 21 sample average (1.20 weight%). 

Samples 37, 38, a~. The sample 40 composition was most 
closely approximated by 20% batch melting of a source with the 
mineralogy of an olivine-hornblende gabbro (Table 8). The principal 
difference between the calculated and observed compositions is the 3.6 
ppm Nb content of the calculated composition compared to the analyzed 
6.3 ppm. This is probably related to a high Nb content and low Zr/Nb 
ratio in the source, as it is very difficult to change Zr/Nb ratios, as 
mentioned above. The liquid path for this model is traced on Figure 
14. 

Sample 41. This sample is notable, having a kinked Ti-Y-V section 
of the "poor man's REE" curve similar to sample 37 and 39, but 
differing from them by having a Cen/Yn ratio >1. This difference makes 
sample 41 easy to model. The best fit model for sample 41 involves 9% 
batch melting of a source having the mineralogy of an olivine
clinopyroxene-orthopyroxene gabbro (Table 9). The partial melting path 
taken by the liquid for this model is shown in Figure 14. The very 
high Y content of the calculated liquid precludes involvement of 
significant quantities of garnet, apatite, or hornblende, whereas its 
modest Ti02 content precludes major fractionation of titanomagnetite. 

Sample 42. This sample is unique among all of the Partridge 
volcanic rocks principally because of its low Y content (2.5 ppm). By 
comparison the next lowest Y content of any Partridge volcanic rock is 
11 ppm for three of the basalts. The best fit for this sample was 
obtained by 25% batch melting of a hornblende-garnet-pyroxene 
granulite, followed by 30% fractional crystallization of an assemblage 
similar to that of the source (Table 10). The largest discrepancy is 
in Th, which is of poor analytical quality in any case due to its low 
concentration. The path which the liquid traces is shown on Figure 14. 
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Table 8. Partial melting model for sample 40, for the nine "poor man's 
rare earth" elements. The model uses 20% batch melting. The source 
composition is that of the 21 sample average (Table 3); minerals are in 
weight %, and elements are in ppm except Ti, which is in weight % of 
the oxide. Partition coefficients used in the model are given in Table 
41, Appendix 1. 

Minerals Source Calculated Sample 40 
com:eosition com:eosition com:eosition 

Plagioclase 18 
Clinopyroxene 12 
Hornblende 26.5 
Olivine 40 
Titanomagnetite 3.5 

Elements 

Th 1 .1 5 4 
La 5.3 14 14 
Nb 1.9 3.6 6.3 
Ce 16 37 36 
Zr 58 109 91 
Ti 1.20 0.83 0.62 
Sr 186 292 296 
y 21 24 24 
v 333 109 131 
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Figure 14. Y vs. Ti02% with all Partridge volcanic rocks plotted. 
Selected intermediate samples are labeled, as is the average Partridge 
dacite (*). Also shown are the liquid composition paths traced by the 
liquids calculated by the chemical models. Arrows are model liquid 
composition curves. The small dot at the beginning of each arrow 
represent 1% partial melting. The following line (to a kink, if any) 
represents higher percentages of melting up to the end, which is the 
amount of partial melting calculated in the models (Tables 8, 9, 10, 
and 14). The part of the arrow after the kink (if any) represents 
fractional crystallization, up to the amount calculated in the models. 
Tick marks represent 10% increments of partial melting or fractional 
crystallization. The fit of the models to the data would be better, 
except that it was attempted to best approximate all nine "poor man's 
rare earth elements" rather than just Ti and Y. 
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Table 9. Partial melting model for sample 41, for the nine "poor man's 
rare earth" elements. The model uses 9% batch melting. The source 
composition is that of the 21 sample average (Table 3), minerals are in 
weight %, and elements are in ppm except Ti, which is in weight % of 
the oxide. Partition coefficients used in the model are given in Table 
41, Appendix 1. 

Minerals Source Calculated Sample 41 
comEosition comEosition comEosition 

Plagioclase 55 
Clinopyroxene 10 
Olivine 25 
Titanomagnetite 5.5 
Orthopyroxene 4.5 

Elements 

Th 1 • 1 11 15 
La 5.3 23 30 
Nb 1.9 9.7 9.8 
Ce 16 70 64 
Zr 58 405 474 
Ti 1.20 1.03 0.93 
Sr 186 137 130 
y 21 73 76 
v 333 77 80 
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Table 10. Partial melting followed by fractional crystallization model 
for the nine "poor man's rare earth" elements in sample 42. The model 
uses 25% batch melting followed by 30% Rayleigh fractionation. The 
source composition is that of the 21 sample average given in Table 3. 
Source and fractionated assemblages are given in weight %. Element 
concentrations are given in ppm except for Ti, which is given in weight 
% of the oxide. Partition coefficients are given in Table 41, Appendix 
1 • 

Minerals 

Plagioclase 
Clinopyroxene 
Garnet 
Hornblende 
Ti-magnetite 
Apatite 
Orthopyroxene 
Zircon 

Elements 

Th 
La 
Nb 
Ce 
Zr 
Ti 
Sr 
y 
v 

Source 
comp. 

20 
15 
10.5 
40 
4 
0.5 

10 
0.01 

1 .1 
5.3 
1.9 

16 
58 
1.2 

186 
21 

333 

Batch Fractionated 
liquid minerals 
com..,. 

3.9 
9.3 
2.5 

25 
53 
o.66 

252 
7.3 

92 

15 
10 
10 
55 
0.5 
0 
9.5 
0 

Calculated Sample 
comp. 42 comp. 

5.5 
11 
2.6 

29 
56 
0.49 

296 
2.9 

66 

2 
17 
3.6 

21 
48 
0.34 

289 
2.5 

68 
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FELSIC ROCKS OF THE PARTRIDGE FORMATION 

Mineralogy 

Estimated modes for the dacitic rocks of the Partridge Formation 
are given in Table 11. Generally the rocks are quartz-biotite-feldspar 
gneisses with variable amounts of garnet. The principal differences 
among these rocks are that samples 50, 51, and 52 have major amounts of 
K-feldspar and sodic plagioclase (Table 11), whereas the others have 
little or no K-feldspar and more calcic plagioclase. Sample 45 has 
sillimanite and staurolite which are absent from all other samples. It 
may represent a somewhat Al-enriched (alkali-depleted) premetamorphic 
weathering horizon. Sample descriptions and localities are given in 
Table 12. 

Geochemistry 

Chemical analyses for the Partridge dacites are given in Table 13. 
Refering back to the silica variation diagrams in Figures 5 and 7, it 
can be seen that the dacites lie at the silicic end of a trend from the 
basalts, through the intermediate rocks, to the dacites. The dacites 
form tight groups in the diagrams much like the mafic rocks, and unlike 
the scattered intermediate rocks. In addition, the Zr/Nb ratios of the 
dacites (mostly 30-50) overlap the range of ratios for the basaltic 
rocks (mostly 20-50, Figure 8). This is additional evidence that the 
two sets of rocks may be chemically related. 

The dacites and all other quartz normative Partridge samples are 
plotted in Figure 15A and 15B, which are ternary projections out of the 
system Quartz-Anorthite-Albite-Orthoclase at 5 kbar PH20• In 15A 
(quartz projection) none of the samples lie in the stability field of 
orthoclase, whereas in 15B (anorthite projection) only one sample does 
(sample 50). None of the data in Figure 15 actually occurs within the 
orthoclase stability field or on any orthoclase-saturated cotectic 
surface in the quaternary system. This suggests that K-feldspar was 
not present, or at least was not a residual phase, in the source from 
which the dacites were derived. K-feldspar could also not have been on 
the liquidus until very late during crystallization of the dacite 
magmas, if at all. 

Origin of the Dacites 

The lack of K-feldspar on the liquidus and the low K20 content of 
the dacites suggests that they were not derived by partial melting of 
either felsic continental crust or pelitic sedimentary rocks. The 
bimodal nature of the Partridge volcanic suite as a whole (Figure 2A, 
histogram of silica content, see also Figure 8, Zr vs. Nb) suggests 
that the dacites were also not derived from fractional crystallization 
of basaltic parent liquids, otherwise the intermediate rocks would be 
much more abundant. Nonetheless, the continuum of compositions from 
basaltic to dacitic rocks for most elements suggests some sort of 
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Table 11. Estimated modes in thin section of felsic volcanic rocks in 
the Partridge Formation, listed in order of increasing silica content 
as in Table 13. Explanations of footnotes and abbreviations are given 
in Table 1. 

Sample 43 44 45 46 47 48 49 50 51 52 

Quartz 
1 

30 30 40 40 40 40 40 45 40 35 
P lagioclase 58 60 48 46 55 52 48 13 34 40 
K-feldspar tr? 35 m 20 m 20 m 

-
Myrmecki te tr 
Muscovite tr R? tr R 2 R? tr tr 
Biotite 10 8 7 8 5 5 12 6 4 4 
Garnet 2 2 3 3 2 

Sillimanite 3 
Staurolite tr A 
Fe+3-zoisite tr R? 
Pistacite tr tr R? tr R 

Ilmenite 1 R tr tr 
Magnetite tr 1 
Sulfide tr po tr W tr W tr 

Rutile tr R 
Zircon tr tr tr tr tr tr tr tr tr tr 
Allanite tr tr tr tr tr tr tr 
Apatite tr tr tr tr tr tr tr tr tr tr 

Chlorite 1 intR tr feR tr mgR tr feR tr feR tr feR tr feR 
Seri cite tr R tr R tr R 1 R tr R tr R 1 R tr R tr R 
Calcite tr R 

Plag. An %6 37 39 36 32 28 34 38 12 12 9 

Retrograding5 mod. mod. mod. mod. mod. slight slight mod. slight slight 
Texture2 gran. gran. gr an. 
Phenocrysts3 Plag. 

Bio. color 4 DOG NB MB VDB 5% DOG DB VDB MGB DGB VDOG 
tr MOrB 
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Table 12. Hand specimen descriptions and sample localities of felsic 
volcanic rocks from the Partridge Formation. Maps showing the 
localities are given in Table 47, Appendix 4. In parentheses after 
each sample number is an abbreviation of the name of the 7.5 minute 
quadrangle from which the sample was collected. The abbreviations 
are as follows: (QR) Quabbin Reservoir; (WD) Winsor Dam. 

43 (WD) Medium-gray, weakly foliated and layered plagioclase-quartz
biotite felsic gneiss. From a homogeneous zone on the N-facing side of 
a wave-washed outcrop about 300 m SSW of the Quabbin Aqueduct intake, 
about 1 m below the high water mark. 

44 (WD) Medium-gray, medium-grained laminated poorly foliated 
plagioclase-quartz gneiss with scattered garnets. Collected from the N 
end of a large, rounded outcrop of felsic gneiss about 3 m below the 
high water mark, about 30 m N of the stream outlet which is 2.0 km S of 
the Quabbin Aqueduct outlet. 

45 (WD) Medium- to coarse-grained, weakly foliated, moderately layered 
medium-gray plagioclase-quartz-biotite gneiss with scattered garnets up 
to 4 mm across with feldspar-rich rims. From roughly the same locality 
as sample 44, except about 1 m lower. The actual sample was taken from 
the felsic gneiss portion of the rock containing the 3-amphibole 
assemblage described in Robinson and Jaffe (1969, sample QB27C). 

46 (WD) Light-gray, fine-grained, weakly foliated and weakly layered 
plagioclase-quartz-biotite-garnet-pyrrhotite gneiss. From the upper NE 
corner of a roadside outcrop 280 m S of an intersection labeled "589" 
on the road directly S of Little Quabbin Island, Quabbin Reservoir. 

47 (WD) Medium-gray, medium-grained, weakly laminated,equigranular 
plagioclase-quartz-biotite gneiss. From the N-facing outcrop on the 
point about 400 m NNE of the Quabbin Aqueduct intake, about 6 m W of 
the giant coticule bed, about 1 m below the high water mark. 

48 (WD) Light-gray, poorly foliated, fine- to medium-grained poorly 
layered, relatively homogeneous plagioclase-quartz-biotite-garnet 
felsic gneiss. From the W end of the S-facing roadcut located 250 m W 
of the intersection of Rt. 9 and Tavern Rd. This is the biotite
feldspar gneiss unit in the same outcrop depicted in Robinson et al. 
(1982b, their Figure 31; see Figure 48, Appendix 4). 

49 (QR) Light-gray, weakly foliated, medium-grained, thinly layered 
relatively homogeneous plagioclase-quartz-biotite-magnetite gneiss, 
with minor garnet occurring in clumps, and with scattered rusty spots. 
From a rounded outcrop on the E-facing shoreline outcrop on the E side 
of the SE part of Parker Island, Quabbin Reservoir. 

50 (WD) Light-gray, medium-grained, poorly layered and foliated quartz
feldspar-biotite gneiss. From the N-facing side of the outcrop on the 



Table 12, continued. 

point 400 m NNE of the Quabbin Aqueduct intake, about 2 m W of a 2 m 
thick garnet quartzite (coticule), about 2.5 m below the high water 
mark. 

51 (QR) Light-gray, medium-grained, moderately well foliated, thinly 
layered, relatively homogeneous quartz-plagioclase-K-feldspar-biotite 
gneiss with scattered garnets. From an E-facing group of outcrops on 
the E side of the S-central promontory on Parker Island, Quabbin 
Reservoir. 
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52 (WD) Pale yellowish-gray, medium- to coarse-grained, poorly 
foliated, laminated quartz-K-feldspar-plagioclase-biotite-magnetite 
gneiss. Pinkish leucocratic veins were excluded. Magnetites have felsic 
halos around them. From the W end of an outcrop on a point about 400 m 
NNW of the Quabbin Aqueduct intake, from a distinctive magnetite-eye
bearing lithology, about 1.5 m below high water. 



Table 13. Chemical analyses and calculated parameters for the 
metamorphosed felsic volcanic rocks of the Partridge Formation. 

Footnotes: 
1 Sample descriptions and locations are given in Table 12, and are 

shown on maps in Figure 47, Appendix 4. A list of synonyms for 
sample numbers is given in Table 43, Appendix 3. 

2 Molar anorthite content of the normative plagioclase. 
3 Molar Mg/(Mg+Fe+2) in the normative silicates. 
4 Differentiation Index: weight % of normative (Qz+Or+Ab)/Total. 
5 Major elements in these ratios are in ppm of the element, not the 

oxide. 
6 Chondrite-normalized Ce/Y ratio. Normalizing values are 0.88 ppm 

for Ce (Haskin et al., 1968) and 1.96 ppm for Y (Bougault, 1980). 
7 Molar ratios. 
8 Average of all ten felsic Partridge analyses. 
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Table 13, continued. 

Sample 1 43 44 4S 46 47 48 49 so Sl 

Si02 71.S9 72.00 72.07 73.S3 7S.S4 76.14 76.21 76.86 77. 48 
Ti02 .22 .29 .40 .28 .12 .17 .2s .10 .10 
Al203 13.S8 14.lS 14.44 13.29 12.66 12.73 12.S8 11. 9S 12.03 
Fe203 .80 .43 .36 .62 .42 .14 .S8 .13 .09 
FeO 3.44 2.93 3.07 4.10 1. 87 2.69 2.07 1.13 1. 92 
MnO .os .03 .07 .19 .02 .09 .01 .02 .06 
MgO 1. 89 1.82 2.S2 .S7 1.10 . 90 .79 . 77 .42 
cao 2.6S 3.28 2.43 3.19 2.29 2.7S 3.62 .62 .86 
Na20 2.86 3.28 2.98 3.09 4.03 3.S2 2.81 3.24 4.42 
K20 2.30 1. 38 1.61 1.00 1. 23 .91 .94 4.48 2.46 
P20S .04 .OS .07 .06 .01 .04 .OS .01 .01 

Total 99.42 99.64 100.02 99.92 99.29 100.08 99.91 99.33 99.8S 

Mg/(Mg+Fe+2)7 0.49S O.S2S O.S94 0.199 Q.Sl2 0.374 0.40S O.S48 0.281 
Mg/ (Mg+l:Fe) 7 0.448 0.494 O.S70 0.179 0.466 0.363 0.3S2 O.S24 0.272 
Fe+3/(EFe)7 0.173 0.116 0.09S 0.120 0.168 0.04S 0.201 0.094 0.040 
Ca/(Ca+Na)7 0.339 0.3S6 0.311 0.363 Q.239 0.302 0.416 0.096 0.097 

CIPW Norms 

Qz 3S.41 36.06 37. 78 41.18 39.S9 42.99 46.24 37. S8 38.41 
Or 13.S9 8.lS 9.Sl S.91 7.27 S.38 s.ss 26.47 14.S4 
Plag 37.09 43.70 36.82 41.S8 4S.40 43.16 41. 41 30.43 41. 60 
Cor 1.66 1. 42 3.S4 1. 47 .s6 1. 05 .48 .67 .56 
Hy 9.90 8.87 10. 73 8.08 5.56 6.80 4.67 3.76 4.35 
Mt 1.16 .62 .S2 .90 .61 .20 .84 .19 .13 
Ilm .53 .69 .96 .67 .29 .41 .60 .24 .24 
Ap .09 .12 .16 .14 .02 .09 .12 .02 .02 

Total 99.43 99.63 100.02 99.93 99.30 100.09 99.91 99.36 99.85 

An2 33.4 35.1 30.2 35.7 23.8 29. 7 41.1 9.4 9.6 
Mgsi3 0.544 0.578 0.650 0.219 Q.561 0.393 0.489 0.578 0.294 
DI4 0.736 o. 722 0. 725 0.733 0.815 0.781 o. 756 0.921 0.905 

Trace Elements (ppm) 

v 6 26 --41 0 0 0 7 2 0 
Cr 8 0 23 2 2 2 1 l l 
Ni 4 8 10 4 6 6 8 3 6 
Zn 101 71 79 100 52 129 53 57 63 
Ga 17 16 17 17 14 19 12 14 15 

Rb 73 31 44 19 33 29 34 87 55 
Sr 87 146 1S3 80 189 188 145 55 74 
y 44 31 35 35 44 58 24 49 54 
Zr 231 164 137 112 186 201 125 158 194 
Nb 3.6 3.8 3.4 2.4 3.9 4.3 4.4 5.3 4.3 

Ba 322 221 244 218 S50 243 386 573 595 
La 9 8 15 14 26 22 15 31 26 
Ce 25 26 40 36 76 51 37 68 52 
Pb 7 9 11 6 6 12 8 12 5 
Th 4 3 5 2 8 6 5 5 6 

Mg/Ni5 2850 1372 1520 859 1106 90S S96 1548 422 
K/Rb5 262 370 304 437 309 261 230 428 371 
K/Ba5 59 52 55 38 19 31 20 65 34 
Ti/zr5 5.7 10.6 17.5 lS.O 3.9 5.1 12.0 3.8 3.1 
Zr/Nb 64 43 40 47 48 47 28 30 45 
Rb/Sr 0.839 0.212 0.288 0.238 0.175 0.1S4 0.234 1.582 0.743 
Cen/Yn6 1.3 1. 9 2.5 2.3 3.8 2.0 2.0 3.1 2.1 
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Table 13, continued. 

Sample 1 52 Average a 
5102 77 .49 74.89 
T102 .13 .21 
Al203 12.13 12.95 
Fe203 .84 .44 
FeO 1.24 2.45 
MnO .01 .06 
MgO .10 1.09 
Cao .37 2.21 
Na2o 5.47 3.57 
K20 2.06 1.86 
P205 .02 .04 

Total 99.86 99. 77 

Mg/(Mg+Fe+2)7 0.126 0.442 
Mg/(Mg+i:Fe)7 0.082 0.406 
Fe+3/(EFe)7 0.378 0.139 
Ca/(Ca+Na)7 0.036 0.406 

CIPW Norms 

Qz ~.33 39.16 
Or 12.17 10.85 
Plag 48.00 40.92 
Cor .28 1.17 
Hy 1.52 6.42 
Mt 1.22 .64 
Um .31 .49 
Ap .05 .08 

Total 99.88 99.73 

An2 3.4 25.l 
Mgsi3 0.205 0.451 
DI4 0.949 0.804 

Trace Elements (ppm) 

v 0 --8 
Cr 0 4 
Ni 4 6 
Zn 52 76 
Ga 13 15 

Rb 22 43 
Sr 46 116 
y 40 41 
Zr 181 169 
Nb 4.7 4.0 

Ba 519 387 
La 14 18 
Ce 34 45 
Pb 7 8 
Th 5 5 

Mg/Ni5 151 1096 
K/Rb5 777 359 
K/Ba5 33 40 
Ti/Zr5 4.3 7.4 
Zr/Nb 39 42 
Rb/Sr 0.478 0.371 
Cen/Yn6 1.9 2.4 
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cogenetic relationship. 

The five arrows drawn on each of Figures 15A, 15B, and 15C 
represent experimentally derived melt compositions produced by heating 
basalts of different compositions over a range of temperatures with 
PH20 = 1, 2.5 (Spulber and Rutherford, 1983), and 5 kbar (Helz, 1976). 
The 5 kbar experiments contained hornblende on the liquidus up to very 
high degrees of partial melting (60-70 %), whereas none of the lower 
pressure experiments contained hornblende. 

With the exception of high Al203 contents of liquids produced in 
the 5 kbar runs (15-20%) and high P205 contents in liquids produced in 
the lower pressure runs (0.2-0.6 %), the chemical compositions of the 
experimental liquids produced at 1-30% partial melting are virtually 
identical in their major element contents to the Partridge dacites, 
including the more felsic liquids having normative corundum. The paths 
of the experimental melt compositions in Figure 15A, 15B, and 15C 
clearly overlap the dacitic and intermediate rock fields. The 
Partridge dacites therefore appear to have been derived by partial 
melting of lower crustal mafic material. Note that 1-5 kbar PH20 in 
the experiments could correspond to lower crustal pressures of 5-12 
kbar providing that PH20 was less than Ptotal during melting. This 
conclusion was also reached by Schumacher {1983) for felsic rocks in 
the Ammonoosuc Volcanics. During melting, this mafic material could 
conceivably have been plagioclase amphibolite, plagioclase-pyroxene 
granulite, or plagioclase-pyroxene-olivine granulite. Partial melting 
of lower crustal mafic material has also been postulated for the 
generation of felsic magmas elsewhere (e.g., the New Britain island 
arc, Lowder and Carmichael, 1970; and Iceland, Oskarsson et al., 1982). 

Figure 16 shows a "poor man's REE" diagram for the Partridge 
dacites, with data normalized to the 21 sample basalt average (Table 
3). Curves for samples 43 and 52, the average of all 10 dacites, and 
envelope curves are shown. The general features of the curves are as 
follows: 

1) Scatter between the samples is much less than for the intermediate 
Partridge volcanic rocks. 

2) There are absolute enrichments in Th, La, Nb, Ce, Zr, and Y, with 
respect to the 21 sample average. 

3) There are modest to no depletions in Sr. 
4) There are large depletions in Ti and V. 

The high Y contents of these rocks preclude any major involvement of 
garnet or hornblende either as restite phases in the source or as 
fractionally crystallized phases. The moderately low Sr contents 
suggest some fractional crystallization of plagioclase, or residual 
plagioclase in the source. The low Ti and very low V contents suggest 
fractional crystallization of titanomagnetite. 

The "poor man's REE" have been modeled in a manner identical to 
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Figure 15. Ternary diagrams showing the overlap of liquid compositions 
derived by the melting of basaltic material in hydrothermal 
experiments, with the composition fields of the dacitic and 
intermediate Partridge volcanics. Arrows within the ternary diagrams 
represent the compositions of partial melts produced with increasing 
temperature (generally 700-10QQOC) in hydrothermal experiments on 
basalts. Solid lines are for hornblende-bearing experiments conducted 
at 5 kbar PH20 (Helz, 1976; FMQ oxygen buffer); PG for melts derived 
from a Picture Gorge quartz-normative basalt, and KL for melts derived 
from a Kilauea olivine-normative tholeiite. Dashed lines are for 
olivine-pyroxene bearing, amphibole-absent experiments (Spulber and 
Rutherford, 1983; FMQ oxygen buffer) conducted on Kilauea quartz
normative basalt (K1 and K2.5' experiments at 1 and 2.5 kbar PH20t 
respectively), and on an olivine basalt (DOS, here labeled D1, 
conducted at 1 kbar PH20). 

Figure 15A. Projection from anorthite out of the Qz-Or-An-Ab 
quaternary system onto 5 kbar PH20 liquidus surfaces (Winkler, 1979). 
All quartz-normative Partridge volcanics are plotted. 

0 Quortz-diopside normative <54.5% Si02 

0 Quartz-diopside normative >54.5 % Si02 

e Corundum normative <70% Si02 

Ell Corundum normative > 70% Si02 
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Figure 15B. Projection from quartz out of the Qz-Or-An-Ab 
system onto 5 kbar PH20 liquidus surfaces (Winkler, 1979). 
normative Partridge volcanics are plotted. 
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Figure 15C. A-F-M ternary diagram, with all analyzed Partridge 
volcanics plotted. The field of Partridge volcanics has been outlined 
with a thin solid line. 

+ Olivine-nepheline normative 
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Figure 16. "Poor man's rare earth element" diagram showing felsic 
Partridge volcanic rocks. Vertical axis represents element 
concentrations normalized to the 21 sample amphibolite average, not 
chondrites. Upper and lower thin lines connect the highest and lowest 
concentrations, respectively, of the elements in all felsic rocks. The 
heavy line is the average of all ten felsic samples. Two samples, 43 
and 52, are also included for comparison. See Table 4 for 
explanations. The lowermost curve and the curve for sample 52 end at Y 
because their V contents are zero, and therefore undefined in this 
diagram. 
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the intermediate rocks, and Table 14 shows the model which results in 
the closest approximation to the average dacite. The model involves 
45% batch melting of a pyroxene granulite source, followed by 35% 
fractional crystallization of different proportions of the same 
minerals. The liquid path derived by this model has been traced onto 
Figure 14. 
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The most obvious difference between the calculated and average 
dacite compositions is in the V content (0.9 ppm calculated, 8 ppm 
average). Notice in Table 13, however, that most of the samples have 
0-7 ppm V, whereas only two samples (44 and 45) have 26 and 41 ppm, 
respectively. Both of these samples come from the same outcrop, and it 
has already been noted that sample 45 may be part of a weathering 
horizon. It is therefore possible that both samples may be a mixture 
of dacite (possibly weathered) and basaltic material (notice also the 
high Ni contents of both samples and the high Cr content of sample 45). 
The basaltic material could have been intermixed mechanically on the 
subaerial or submarine surface, or by magma mixing prior to eruption. 
The average V content of the dacites excluding samples 44 and 45 is 1.9 
ppm, reasonably close to the calculated 0.9 ppm V. 

Tectonic Setting of the Partridge Dacites 

It is concluded that the dacites of the Partridge Formation are 
derived by crystal fractionation of silicic melts produced by the 
partial melting of lower crustal material, probably pyroxene 
granulites. To determine what type of tectonic setting these rocks 
erupted in, one must turn once again to chemical discriminant diagrams. 

Figure 17 is one such diagram, recently published for granitic 
rocks. Unfortunately, the Partridge data lie in all four possible 
tectonic setting fields. However, if one uses a simple-minded 
democratic approach, in the following list, it can be seen that a 
volcanic arc (island arc) tectonic setting is favored. 

Figure 17A 
Figure 17B 

Sums 

Data Occurrences Within Each Field 
Within Volcanic Syn- Ocean 
Plate· Arc Collision Ridge 

0 6 6 4 
2 8 0 0 
2 14 6 4 

This supports Ordovician paleotectonic reconstructions of the region 
(Robinson and Hall, 1980). 

COMPARISON OF THE PARTRIDGE VOLCANICS WITH OTHER VOLCANIC SUITES 

Ammonoosuc Volcanics 

The Ammonoosuc Volcanics stratigraphically underlie the Partridge 
Formation. Although the Ammonoosuc has a distinctive internal 
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Table 14. Partial melting followed by fractional crystallization model 
for the nine "poor man's rare earth" elements in the average dacite 
composition (Table 13). The model uses 45% batch melting followed by 
35% Rayleigh fractionation. The source composition is that of the 21 
sample average given in Table 3. Source and fractionated assemblages 
are given in weight %. Element concentrations are given in ppm except 
for Ti, which is given in weight % of the oxide. Partition 
coefficients are given in Table 41, Appendix 1. 

Minerals Source Batch Fractionated Calculated Average 
comp. liquid minerals comp. Dacite 

com.e. 
Plagioclase 45 - 75 
Clinopyroxene 20 - 5 
Ti-magnetite 5 - 15 
Orthopyroxene 30 - 5 

Elements 

Th 1 .1 2.4 - 3.7 4.9 
La 5.3 9.8 - 14 18 
Nb 1.9 3.3 - 4.7 4.0 
Ce 16 29 - 42 45 
Zr 58 115 - 172 169 
Ti 1.2 1.09 - 0.45 0.21 
Sr 186 172 - 118 116 
y 21 30 - 43 41 
v 333 109 - 0.9 8 



Figure 17. Tectonic setting 
after Pearce et al. (1984). 
(70-77.5% Si02) are plotted. 
setting for these rocks. 
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stratigraphy (Schumacher, 1983) and can typically be distinguished on 
that basis, it would be useful in some cases to be able to distinguish 
the two units on a geochemical basis. I failed to find a geochemical 
parameter which could reliably discriminate between the Ammonoosuc and 
the Partridge. With the exception of the larger proportion of 
chemically altered Ammonoosuc volcanic rocks compared to the Partridge, 
which in part is caused by deliberate sampling bias (Schumacher favored 
altered samples and I avoided them), the two units are nearly 
identical. This fact, however, helps confirm the idea that the 
Partridge volcanics represent a continuation of the same episode and 
type of volcanism that produced the Ammonoosuc. 

The best geochemical discriminant between the Ammonoosuc and 
Partridge volcanic suites is shown in Figure 18, which is a histogram 
of the bulk Fe+3/Fet ratios for the analyzed samples. It is obvious 
that the Partridge samples are more reduced, with the data centering 
around a Fe+3/Fet ratio of 0.126, and some samples having ratios <0.08. 
The reduction of the rocks probably occurred during metamorphism due to 
the surrounding graphite-pyrrhotite schists. The Ammonoosuc is 
obviously more oxidized, having Fe+3/Fet ratios centering around 0.3 
and ranging up to o.6. Not unexpectedly, most Ammonoosuc samples 
contain abundant magnetite at appropriate metamorphic grade (kyanite 
zone and higher), whereas only 9 out of 52 Partridge samples are 
magnetite-bearing. 

As has been suggested by Schumacher (1983), the Ammonoosuc was 
probably deposited in subaerial and shallow submarine environments. 
This would account for the oxidation of the Ammonoosuc prior to 
metamorphism. The Partridge, by comparison, was deposited in a 
reducing, probably deeper marine environment in which sulfidic black 
shale (now pyrrhotite-graphite schist) was actively being deposited. 

Other New England Ordovician Volcanic Rocks 

The following discussion refers to comparisons between the 
Partridge volcanics and the major element analyses of metamorphosed 
Ordovician rocks from an apparently bimodal volcanic suite in northern 
Maine (Hynes, 1976, Table 2). The u..~its from which the rocks were 
taken include the Winterville and Bluffer Pond Formations, and 
unspecified units in the Stacyville and Island Falls Quadrangles. 
Although the stratigraphic relationships between the Partridge 
Formation and the units sampled by Hynes are uncertain, there are a few 
notable similarities between the two suites. 

The mafic volcanic rocks presented by Hynes (1976) are rather 
similar to those of the Partridge Formation with the exception of Na, 
K, Ca, and Mg, and Ti in some samples. Many of these samples are 
nepheline normative and some have very high Ti02 contents (range is 
from 0.6 to 3.5%), suggesting that the high-Ti samples may have been 
alkali basalts. Many of these samples were described by Hynes as 
spilites, and thus have probably undergone some form of premetamorphic 
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Figure 18. Histogram showing the distribution of Partridge and 
Ammonoosuc volcanic rocks with respect to Fe+3/Fet (molar). Ammonoosuc 
analyses are from Schumacher (1983). The Partridge volcanics are 
generally more reduced than the Ammonoosuc, suggesting different 
oxidation states in their respective depositional environments. 
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alteration in addition to greenschist facies metamorphism. The bulk 
chemical character of the Maine samples that have peculiar Na, K, Ca, 
and Mg contents, including some of the nepheline normative samples, is 
similar to certain altered samples of the Partridge (e.g., sample 12a, 
see Chapter II for details). Therefore, some of the mafic rocks of 
Hynes (1976) are similar in many respects to those in the Partridge, 
but the majority are not easily compared. 
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It should be noted that the comparison of the mafic Partridge 
volcanics, which are interpreted to be island arc volcanics, to the 
mafic volcanics from of northern Maine is contrary to the 
interpretation of Hynes (1981). The volcanics of the Winterville and 
Bluffer Pond Formations are interpreted by him to be within-plate 
volcanics on the basis of relic clinopyroxene compositions. However, 
Hynes has interpreted the other mafic volcanic rocks reported by him to 
be either island arc or within-plate volcanics. 

Several samples of Hynes (1976) have silica contents between 52 
and 61%, and appear to be broadly similar to intermediate rocks of the 
Partridge. Both suites are quite variable in chemical composition, so 
specific comparisons are difficult. 

Seven of the Maine analyses have 72-77% Si02• These rocks and the 
dacitic rocks of the Partridge are virtually identical in chemical 
composition. The absolute abundances of the major oxides are 
indistinguishable between the two suites, and both suites have 
virtually identical normative mineralogy, including 1-3% normative 
corundum. 

Comparison with Modern Arc Volcanic Rocks 

A large number of analyses of recent through Late Cenozoic arc 
volcanics were inspected for similarities to the Partridge Volcanics. 
A large number were found to be similar and these are summarized in 
Table 15. The suite of volcanics most similar to those of the 
Partridge are from the New Britain island arc. 

The New Britain suite is distinctly bimodal, with mafic rocks 
dominant like the Partridge. The mafic rocks are largely low-K 
tholeiites. There is a small number of diopside normative intermediate 
rocks, and there is a larger number of falsie rocks, some of which are 
corundum normative. Figure 19 is a set of diagrams comparing data from 
the New Britain island arc (dots) with composition fields for the 
Partridge volcanics (outlined). In Figure 19A, an A-F-M diagram, the 
New Britain arc data lie almost entirely within the field of the 
Partridge volcanics. The New Britain data also define a hook-shaped 
composition trend similar to that of the Partridge volcanics. 

In Figure 19B, a set of silica variation diagrams, comparisons 
between the Partridge and New Britain data are also favorable. In the 
MgO vs. Si02 diagram most mafic and felsic data from the New britain 



Table 15. Selected volcanic rocks from outside New England which are 
chemically similar to the Partridge Volcanics. 

Mafic Rocks 
New Britain Arc 

Basaltic Volcanism Study Project, (1981, Table 1.2.7.3, all 
analyses). 

Lau Basin 
Sclater et al. (1972). 
Hawkins (1976, Table 2). 

Mariana Back Arc Basin 
Hart et al. (1972, Table 1). 

Shikoku Basin 
Wood et al. (1980, Table 1). 

New Guinea 

Peru 
Morgan (1966, one analysis given). 

Noble et al. (1975, sample AYA-10 is similar to sample 35a from 
the Partridge) 

Troodos Ophiolite 
Sun and Nesbitt (1978, Table 1, analysis 5 is similar to 

Partridge sample 11, analysis 7 is similar to Partridge 
sample 10). 

Intermediate Rocks 
Australasian Tectite 

Chapman and Scheiber (1969, Table 2, analysis 26 is similar to 
Partridge sample 40). 

Melanesia 
Jakes and White (1972, Table 2A, analysis 9 is similar to 

Partridge sample 42, analysis 2 is similar to Partridge 
sample 39). 

Felsic Rocks 
New Britain Arc 

Lowder and Carmichael (1970, analyses 319, 279B, and 343). 
Smith and Johnson (1981, analyses E2/10, F6/3, Gs1/7, Gs1/8, 

Gs3/4, H2/12, 6830, 17A, and 59). 
Tonga Region 

Bryan (1968, Table 2, analyses 1 and 5, pumice float). 
Bryan (1971, Table 2, analyses 1, 2, and 3, pumice float). 
Melson et al. (1970, Table 2, analysis 2, Metis Shoal, glassy 

matrix of dacite pumice). 
Fiji, Viti Levu 

Gill (1970, Table 1a, analysis 68-50 and 68-51). 
New Zealand 

Ewart and Stipp (1968, Table 1, analyses 1 to 5, North Island 
ignimbrites and dacites). 
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arc lie within the Partridge fields. In addition, there is a 
pronounced gap in the New Britain data between 54 and 58% Si02, similar 
to that in the Partridge volcanics. In the FeOt and Ti02 vs. Si02 
diagrams, the two falsie and intermediate suites coincide very well. 
The mafic New Britain volcanics, however, tend to be lower in Ti02 and 
FeOt than those of the Partridge, particularly between 51 and 53% Si02. 
The mafic New Britain magmas may have been more oxidized that those of 
the Partridge, such that the New Britain magma FeOt and Ti02 contents 
were buffered by Fe-Ti oxide fractionation, inhibiting Fe-Ti 
enrichment. 

In the Al203 vs. Si02 diagram, the New Britain data correspond 
well to the Partridge fields, with some tendency for the felsic New 
Britain data to be slightly lower in Al. The two suites also overlap 
very well in the K20 vs. Si02 diagram. In the normative diopside
corundum vs. Si02 diagram, the trends of the Partridge and New Britain 
data are parallel, with the Partridge data trend about 3-5% lower in 
normative diopside or 1-2% higher in normative corundum than the New 
Britain trend. This Partridge trend is probably largely primary. In 
part, especially for the corundum normative rocks, the offset could be 
due to alkali loss from the volcanic material prior to or during 
metamorphism. The more falsie New Britain samples tend to be slightly 
lower in Al than those of the Partridge, supporting but by no means 
proving weathering as a mechanism for producing the offset in the 
trends. 

Most of the felsic samples from the New Britain arc are from the 
Talasea Caldera (Lowder and Carmichael, 1970). By analogy, the 
periodic major eruptions of a caldera during Middle Ordovician time 
could have been responsible for the thick Upper Ammonoosuc falsie unit 
(Schumacher, 1982 and 1983) and for the sporadic but fairly thick 
falsie units in the Partridge. 

CONCLUSIONS 

The volcanic rocks of the Partridge Formation lie 
stratigraphically above the Ammonoosuc Volcanics, and represent a 
continuation of the same volcanic episode with the same type of 
volcanics. The volcanic rocks of these two units are very similar, 
except that the Ammonoosuc tends to be more oxidized than the 
Partridge. 

The Partridge volcanics are a bimodal, mafic-dominated suite. The 
mafic rocks are compositionally similar to low-K island arc tholeiites. 
The intermediate rocks cover a wide range of compositions, whereas the 
falsie rocks have dacitic compositions with intermediate geochemical 
affinities between tholeiitic and calc-alkaline. The volcanism was 
induced by east-directed subduction of oceanic lithosphere beneath the 
Bronson Hill zone during the closing of an ocean basin in the 
Ordovician Taconian Orogeny. 
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Figure 19. Comparison of data from the New Britain island are with the 
Partridge volcanics. A) A-F-M diagram. B) Silica variation diagrams. 
New Britain samples are shown as dots, and the fields of Partridge data 
from Figures 5 and 6 are outlined. New Britain data are from the 
Basaltic Volcanism Study Project (1981, Table 1.2.7.3), Lowder and 
Carmichael (1970), and Smith and Johnson (1981). 
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Figure 19, continued. 
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The mafic Partridge volcanics are mantle derived. Most of the 
intermediate rocks can be modeled as having been derived by partial 
melting of olivine-hornblende or olivine-pyroxene gabbros. One 
intermediate sample (42) was successfully modeled by partial melting of 
a hornblende-garnet-pyroxene-plagioclase granulite source, followed by 
subsequent fractional crystallization. The Partridge dacitic rocks 
were successfully modeled by partial melting of pyroxene-plagioclase 
granulites followed by subsequent fractional crystallization. Melting 
probably occurred in the lower Bronson Hill crust, driven by heat 
introduced to the crust by large volumes of basaltic magma. The 
sporadic occurrence of thick beds of f elsic volcanics in the Ordovician 
stratigraphic column suggests that they may have been erupted during 
occasional caldera collapse eruptions. 



CHAPTER II 

PRE- AND SYNMETAMORPHIC ALTERATION PROCESSES AND MAGMATIC 
CRYSTAL ACCUMULATION IN METAMORPHOSED MAFIC VOLCANIC ROCKS 

OF THE PARTRIDGE FORMATION, WEST-CENTRAL MASSACHUSETTS 

Deep below the surface of the earth, 
the mindless elements seethe and churn. 

Unknown 

ABSTRACT 
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The Partridge Formation in the study area is composed of rusty
weathering pyrrhotite-mica schists with subordinate amounts of 
amphibolite, intermediate and felsic gneisses, two-pyroxene granulites, 
and minor quantities of calc-silicate rocks, ultramafic rocks, and 
garnet quartzite (coticule). These rocks were deformed and 
metamorphosed to sillimanite grade during the Devonian Acadian Orogeny. 

The suite of metamorphosed volcanic rocks in the Partridge 
Formation have been interpreted to represent an island-arc volcanic 
suite related to east-directed subduction of oceanic lithosphere 
beneath the Bronson Hill plate during the Ordovician Taconian Orogeny. 
Of the 34 analyzed Partridge mafic rocks, 13 appear to have anomalous 
compositions that deviate from the igneous characteristics of the rest 
of the suite. A set of 14 vectors were calculated in an attempt to 
relate the anomalous compositions to the igneous field. Vectors 1-6 
involved hydrothermal alteration with seawater at temperatures ranging 
from 1° to 500°c. Vector 7 is derived from subaerial weathering of 
amphibolites, taken as an analog of basalts, in a temperate climate. 
Vectors 8 and 9 represent the addition of calcite and shale, 
respectively, to a model amphibolite composition. Vectors 10-14 
represent magmatic accumulation of plagioclase (An50 and An80), 
clinopyroxene, orthopyroxene, and olivine. The decisions as to which 
vectors were important for each anomalous sample were based on simple 
inspection of variation diagrams using mobile (Na, Ca, Mg, K) and less 
mobile elements (Al, Ni, and Cr), and by least-squares regression 
calculations. The most important vectors include calcite addition, 
olivine accumulation, and very low temperature alteration with 
seawater. 

Comparison of the mobile elements Rb, Ba, and K with respect to 
each other and with respect to the immobile elements Zr and Y suggest 
that some changes in the concentrations of the mobile elements occurred 
during metamorphism. These changes notably include very high Rb and 
K20 contents and very low K/Rb ratios in an ultramafic rock, which can 
be modeled by diffusion of these components during metamorphism. 
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INTRODUCTION 

Geologic Setting 

The Middle Ordovician Partridge Formation crops out extensively in 
the Bronson Hill anticlinorium and Merrimack synclinorium (see Figure 
1). In the Bronson Hill anticlinorium it lies stratigraphically above 
the Middle Ordovician Ammonoosuc Volcanics, and older gneisses in the 
cores of domes. In the Merrimack synclinorium to the east, the 
basement on which the Partridge Formation lies is unclear. Overlying 
the Partridge Formation in both the Bronson Hill and Merrimack zones 
are various Silurian and Devonian units. These rocks were deformed and 
metamorphosed during the Devonian Acadian Orogeny. Metamorphic grade 
for samples analyzed in this study ranges from the sillimanite
muscovite-staurolite zone to the granulite facies. For discussions of 
structure, stratigraphy, metamorphism, and regional geology, see Field 
(1975), Peterson (1984), Robinson (1979 and 1983), Tracy et al. (1976), 
Robinson et al. (1979, 1982a, and 1982b), and Tucker (1977). 

The Partridge Formation itself is principally composed of rusty
weathering pyrrhotite-mica schists. In the Quabbin Reservoir area 
about a third of the section is amphibolite which occurs in layers from 
a few cm to tens of meters in thickness. Minor quantities of felsic 
and intermediate feldspar gneisses also occur in layers up to about 5 m 
thick. The amphibolite consists of hornblende and plagioclase with or 
without biotite, garnet, cummingtonite, and orthoamphibole. The 
felsic and intermediate gneisses consist of quartz and plagioclase, 
with or without garnet, amphibole(s), and K-feldspar. Minor amounts of 
calc-silicate rock and garnet quartzite (coticule) also occur. In the 
rest of the Partridge Formation in the Bronson Hill anticlinorium and 
particularly in the Merrimack synclinorium volcanic rocks are less 
abundant. In the Acadian granulite facies zone of central and south
central Massachusetts and northern Connecticut, most amphibolites have 
been converted to plagioclase - two-pyroxene - biotite + hornblende 
granulites. 

Chemistry of the Partridge Volcanic Rocks 

The Partridge volcanic rocks as well as the underlying Ammonoosuc 
Volcanics (Schumacher, 1982 and 1983), are interpreted to be a 
metamorphosed bimodal suite of tholeiitic mafic and felsic volcanics 
erupted in an island-arc tectonic setting (Chapter I). The island-arc 
volcanism was probably related to east-directed subduction of oceanic 
lithosphere during the closing of an ocean basin during the Taconian 
Orogeny (Robinson and Hall, 1980). 

The mafic Partridge volcanic rocks, the object of this study, are 
all interpreted to have been mantle-derived and erupted as low-K 
tholeiites. There are, however, some samples with relatively high K20 
contents, which are thought to be due to post-depositional, 
premetamorphic alteration; the subject of this Chapter. This 
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interpretation is supported by the low K20 contents of most of the 
mafic samples (0.1 to 0.5 wt. %), and by strong similarities in the 
relatively immobile element contents of the group (Fe, Al, Ti, Ni, Nb, 
Zr, Y, Cr, and V). In spite of the anomalous chemical compositions of 
some samples, it is important to note that the majority are 
compositionally virtually identical to many modern island arc 
volcanics. This is at least in part due to the probably quiescent, 
reducing, depositional environment of marine black shale (now graphite
pyrrhotite schist) in which these rocks were deposited. 

The intermediate gneisses appear to be metamorphosed volcanics, 
originally derived by partial melting of different types of mafic 
material in the Bronson Hill lower crust. Similarly, the felsic 
gneisses appear to be metamorphosed dacites which were originally 
derived by partial melting of pyroxene granulites in the lower Bronson 
Hill crust during the Ordovician. Chemical analyses of the 
intermediate and felsic Partridge volcanic rocks are given in Tables 7 
and 13, respectively, in Chapter I. 

Additional Analyses 

Seven samples, numbered consecutively with those in Chapter I, 
were analyzed in addition to the Partridge volcanic rocks and are 
included here. These samples were used to evaluate certain alteration 
processes. Estimated modes for these seven samples are given in Table 
16. Sample descriptions and locations are given in Table 17, and 
chemical analyses are given in Table 18. 

Samples 53 and 54 are silica-rich rusty gneisses, probably 
reworked felsic volcanics. Sample 55 is a peculiar coarse-grained, 
gray, quartz-andesine-biotite-orthopyroxene pegmatite vein associated 
with an amphibolite from within the Monson Gneiss (sample 18, Table 3). 
It is interpreted to be a partial melt from the amphibolite (minus K, 
Rb and other elements, which may have escaped in a fluid phase). 
Sample 56 is an alkali feldspar-quartz pegmatite typical of pegmatites 
in the region associated with schists. Sample 57 is an ultramafic rock 
and was included because of its surprisingly high K20 and Rb contents 
(1.69% and 145 ppm, respectively). Samples 58 and 59 are Partridge 
schists. These and other analyses of schists from Shearer (1983) are 
given in Table 42, Appendix 2. 

Previous Work 

Schumacher (1982 and 1983) studied the geochemistry of the 
Ammonoosuc Volcanics which stratigraphically underlie the Partridge 
Formation. In addition to amphibolites with igneous compositions 
similar to those of the Partridge Formation, Schumacher also studied 
gedrite-cordierite gneisses which occur in abundance in the Ammonoosuc 
Volcanics. He concluded that these gneisses could be related to the 
amphibolites with igneous compositions by a simple exchange of Mg in 
seawater for Ca in rocks, which he postulated to have occurred during 



hydrothermal alteration. 

Many other studies of altered mafic rocks have been undertaken 
elsewhere, and these have been used to calculate chemical alteration 
vectors, discussed below. These papers are cited in Table 21. 

ANOMALOUS ROCK COMPOSITIONS 
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Several chemical variation diagrams were prepared with the 
Partridge Formation data to evaluate the alteration and crystal 
accumulation processes for the mafic rocks. In the diagrams (e.g. 
Figure 20B), the bulk of the data for mafic rocks tend to cluster in 
narrow bands which resemble crystal fractionation trends. These trends 
start at high concentrations of compatible elements (Mg, Ca, Cr, Ni) 
and trail off toward low concentrations of these elements as the 
intermediate and felsic compositions are approached (see Figures 5 and 
7 for more information). 

In Figures 20 and 22, lines have been drawn around the principal 
clusters of mafic rock data. By my definition, all mafic samples which 
lie within those lines are considered to have relatively pristine 
igneous compositions, and all mafic samples outside the lines are 
considered to be either altered, or to have accumulated anomalous 
quantities of phenocrysts prior to eruption. All anomalous samples 
have an 'a' suffix added to their sample numbers. The anomalous vs. 
"normal igneous" samples have been distinguished solely on the basis of 
the major elements Ca, Mg, Na, K, and Al, and the trace elements Cr and 
Ni. Notice that many of the samples appear to be anomalous in some 
diagrams, but plot within the igneous field in others (e.g. sample 28a 
in Figure 20B vs. Figure 20D). This is to be expected, because the 
samples are projected onto two component diagrams, whereas the 
alteration or crystal accumulation they have undergone generally 
involved many components. 

VECTORS 

The alteration vectors are essentially the difference between 
"fresh" and "altered" rock compositions taken from the literature, or 
calculated by myself. Crystal accumulation vectors represent the 
addition of pure phenocryst compositions (Table 22) to a model basalt 
composition (Table 19, 21 sample average). Because of the limited 
data, the vectors involve only the major elements, except in Figure 22 
where vectors involving Ni and Cr were calculated. It is recognized 
that some of the vectors may not be precisely representative of the 
general processes that they were meant to model. However, such minor 
differences are probably not important to either the vector method, or 
to the final results. 

The data on which the major element vectors are based are 
presented in Table 19, where the starting and modified compositions are 
given. The actual vector lengths are summarized in Table 20, and the 
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Table 16. Estimated modes in thin section (except sample 56, for which 
estimates were made in the field) for the samples listed in Table 18. 
Sample descriptions are given in Table 17. 

Explanation of abbreviations: 
Bio Biotite. 
Cum Cummingtonite. 
Hbl Hornblende. 
L Exsolution lamellae of cummingtonite in hornblende. 
mi Microcline. 
o Orthoclase. 
P Anorthite content determined by electron microprobe 

analysis. All others determined by the Michel-Levy 
(symmetrical-zone albite twin) method, using the 
determinative curve of Troger (1979, Figure 233-16). 

po Pyrrhotite. All sulfide is probably pyrrhotite in these 
rocks, but this could not always be determined. 

R The mineral is of retrograde origin. 
tr Trace, <1% present in the mode. 

Footnotes: 
1 Plagioclase: anorthite % is given immediately below the mineral 

listings. 
2 Anorthite % of plagioclase, determined optically using the Michel

Levy (symmetrical-zone albite twin) method, using the determinative 
curve of Troger (1979, Figure 233-16), unless 9therwise noted. A 
'P' indicates that the An content was determined by electron 
microprobe. 

3 Retrograding: a subjective measure of the degree of retrograding. 
Slight means that <1% of the area of the thin section has some 
retrograde minerals or textures. Moderate means that 1-4% of the 
thin section has evidence of retrograding. 

4 Color codes: Z vibration direction for amphiboles, Z=Y for biotite. 
First letter is color Following letters are 

intensity color shade 
C colorless M medium B brown 
F faint D dark Or orange 
L light P pink 

5 From the same outcrop. 
6 Coarse-grained, gray, quartz-andesine-orthopyroxene-biotite 

pegmatite vein in Monson amphibolite (sample 18, Table 3), 
interpreted to be, in part, a partial melt from that amphibolite. 

7 Very-fine-grained, yellow alteration product of cordierite, 
apparently composed principally of sheet silicates (Deer, et al., 
1976). 
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Table 16, continued. 

6 56 5 5 5 59 

Rusty Rusty Partial Pegma- Ultra- Schist Schist 
gneiss gneiss melt tite mafic 

Quartz 55 77 35 15 tr 58 54 
Plagioclase1 23 4 62 15 18 2 20 
K-feldspar 20 0 8 0 67 20 o ,mi 1 0 

Myrmekite tr 

Muscovite 1 tr tr R tr R tr R 
Biotite 1 8 1 3 7 5 25 
Hornblende 10 L 
Cummingtonite 1 R 

Orthopyroxene 1 65 
Garnet tr 5 tr 
Sillimanite tr tr 5 10 
Cordierite 2 I 

I 

Ilmenite tr tr tr R 1 1 
Sulfide tr 3 po 1 po 1 po 
Graphite tr tr tr 
Ru tile tr tr 

Zircon tr tr tr tr tr 
Apatite tr tr tr tr tr tr 
Sericite tr R tr R tr R 
Pinite7 1 R 

Plag. An % 2 12 24 24 87 p 27 23 

Retrograding3 slight slight mod. slight slight slight 

Bio. color 4 LP Or LOrB DOrB LOr MOrB MOrB 
Hbl. color 4 FB 

2V 85°-
disp. r>v 
ZAc 19° 

Cum. color 4 c 
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Table 17. Hand specimen descriptions and sample localities of assorted 
rocks from the Partridge Formation. Maps showing the localities are 
given in Figure 47, Appendix 4. In parentheses after each sample 
number is an abbreviation of the name of the 7.5 minute quadrangle 
from which the sample was collected. The abbreviations are as 
follows: (W) Ware; (WD) Winsor Dam. 

53 (WD) Fine-grained, somewhat layered, poorly foliated, quartz
feldspar-bioti te gneiss. Where fresh, white with gray spots, otherwise 
very rusty-weathering. The dark splotches are dendritic and crosscut 
the layering, and are probably composed of intergranular pyrrhotite. 
Taken from a very rusty E-facing ledge about 2 m below the high water 
mark in an inlet on the E side of Little Quabbin Island, Quabbin 
Reservoir. 

54 (WD) Dark-gray, splotchy where fresh, somewhat layered, weakly 
foliated, fine- to medium-grained, rusty-weathering quartz-feldspar
bioti te-pyri te gneiss. Sulfide occurs in diffuse layers and in 
intergranular splotches crosscutting the layering. Taken from a very 
rusty E-facing ledge about 1.5 m below the high water mark in an inlet 
on the E side of Little Quabbin Island, Quabbin Reservoir 

55 (WD) Very-coarse-grained, dark-gray, plagioclase-quartz
orthopyroxene-biotite pegmatite vein in a Monson amphibolite (see 
analysis 18, Table 3). The dark-gray color of most of the plagioclase 
is caused by microscopic rods of exsolved oxides. This and similar 
veins look strikingly similar to Mt. Marcy-type anorthosite, except for 
gray quartz which is visible only on close inspection. From a 20 cm 
thick vein in the E part of a SW-facing roadcut on Rt. 9, located 800 m 
SE along Rt. 9 from benchmark 503 in Ware Center (not the center of 
Ware). 

56 (W) White, coarse to very coarse-grained feldspar-quartz pegmatite. 
Taken from a pegmatite body on the W-facing part of an outcrop 
immediately W of an ultramafic body (see analysis 57, this table), 
located on the E side of Tucker Rd., 940 m N of its intersection 
(labeled 916) with Prouty Rd. 

57 (W) Gray-brown, very coarse-grained, massive, rusty-weathering 
orthopyroxene-hornblende-biotite-plagioclase ultramafic rock. From the 
middle of a 2 m thick layer of ultramafic rock on the E side of Tucker 
Rd., 940 m N of its intersection (labeled 916) with Prouty Rd. 

58 (W) Grayish, medium- to coarse-grained, well foliated, rusty
weathering, quartz-K-feldspar-biotite-garnet-cordierite-sillimanite
pyrrhotite schist. Taken from the NW-facing side of the outcrop 
containing an ultramafic body (see analysis 57) located on the E side 
of Tucker Rd., 940 m N of its intersection (labeled 916) with Prouty 
Rd. 

59 (WD) Brownish-gray, medium-grained, well foliated, thinly layered, 



99 

Table 17, continued. 

rusty-weathering, quartz-plagioclase-biotite-sillimanite-pyrrhotite 
schist with K-feldspar augen and rare garnet. Taken from the central 
part of the S-facing roadcut on Rt. 9, 250 m W of its intersection with 
Tavern Rd. Outcrop depicted in Robinson et al. (1982b, their Figure 31; 
see Figure 48, Appendix 4) and listed as locality 507 by Tracy (1975, 
1978). 
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Table 18. Chemical analyses and calculated parameters for assorted 
rocks from the Partridge Formation. These analyses are included here 
because they pertain to possible synmetamorphic chemical alteration 
processes. 

Footnotes: 
1 Molar ratios. 
2 Sample locations are shown in Figure 1 and described in Table 17, 

and are shown on maps in Figure 47, Appendix 4. A list of synonyms 
for sample numbers is given in Table 43, Appendix 3. 

3 Molar anorthite % of the normative plagioclase. 
4 Molar Mg/(Mg+Fe+2) in the normative silicates. 
5 Differentiation Index: weight ratio of normative (Qz+Or+Ab)/Total. 
6 Major elements in these ratios are in ppm of the element, not the 

oxide. 
7 Chondrite-normalized Ce/Y ratio. Normalizing values are 0.88 ppm 

for Ce (Haskin et al., 1968) and 1.96 ppm for Y (Bougault, 1980). 
8 Average of all 21 "unaltered" mafic Partridge volcanic rocks. 
9 Because of abundant sulfides, measured Fe203 was <O. 
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Table 18, continued. 
Sample2 53 54 55 56 57 58 59 21 

Rusty Rusty Partial Pegma- Ultra- Schist Schist sample 
gneiss gneiss melt tite mafic average8 

Si Oz 82.55 84.87 72.89 69.60 51. 38 78.62 59.82 50. 70 
Ti02 .15 .21 .22 .28 .67 .88 1.52 1. 20 
Al203 9.86 7.10 15.07 16.69 8.49 12.66 18.40 15.89 
Fe203 0 0 . 22 .04 1. 39 0 0 1. 99 
FeO .67 1. 66 1.11 . 79 8.62 3.19 9.63 9.80 
MnO .01 .01 . 03 .01 .18 .03 .08 .19 
MgO .09 .95 .61 .18 22.33 1. 34 3.26 6.89 
CaO . 95 .88 3.41 .19 4. 71 .30 . 96 9.98 
Na20 3.31 1. 66 5.24 2.31 .32 .60 1. 32 2.51 
K20 2.01 1. 97 . 33 9.94 1. 69 1. 76 3.57 .36 
P205 .01 .02 .03 .11 .17 .05 .16 .14 

Total 99.61 99.33 99.16 100.14 99.94 99.43 98.75 99.65 

Mg/(Mg+Fe+2)1 0.193 0.505 0.495 0.289 0.822 0.482 0.376 0.556 
Mg/ (Mg+i:Fe)l 0.193 0.505 0.454 0.280 0.801 0.428 0.376 0.514 
Fe+3/(i::Fe)l o9 o9 0.151 0.044 0.127 o9 o9 0.154 
Ca/(Ca+Na)l 0.137 o. 227 0.264 0.043 0.891 0.216 0.287 0.815 

CIPW Norms 

Qz 53.07 63.29 32.33 17.31 63.98 ---z:s.41 .55 
Or 11.88 11.64 1. 95 58.74 9.33 10.40 21.10 2.31 
Plag 32.66 18.29 60.96 19. 77 19.48 6.24 14.89 52.27 
Cor .54 .68 2.05 9.63 11. 00 
Di .08 4.37 14.46 
Hy 1. 09 4.88 3.03 1. 42 50.05 7.53 22.61 24.76 
01 12.44 
Mt . 32 .06 2.02 2.88 
Ilm . 36 .so . 42 .53 1. 27 1.67 2.92 2.28 
Ap . 02 .05 .07 .26 .40 .12 .38 . 33 

Total 99.62 99.33 99.16 100.14 99.96 99.43 98.78 99.66 

An3 13.5 22.1 38.0 1.0 85.4 17. 7 23.9 57.9 
Mgsi4 0.254 0.553 0.563 o.377 0.840 0.511 0.424 0.605 
nr5 0.933 0.896 0.793 0.955 0.126 0.779 0.584 0.240 

Trace Elements (ppm) 

v 27 580 17 14 --r4"6 81 216 333 
Cr 7 25 2 0 1342 50 107 171 
Ni 18 141 6 8 693 32 45 53 
Zn 10 817 24 25 121 85 155 103 
Ga 8 9 14 11 12 20 27 18 

Rb 21 39 4.3 216 145 55 156 4.3 
Sr 97 56 207 302 35 80 47 186 
y 20 24 1. 8 0 18 21 32 21 
Zr 117 69 21 5.4 78 419 231 58 
Nb 3.0 4.2 2.2 7.4 4.5 15 21 1.9 

Ba 1911 858 190 1550 121 332 431 78 
La 0 0 5 
Ce 9 18 11 15 38 36 16 
Pb 20 24 9 79 2 11 14 7 
Th 2 3 0 1 0 8 10 1 

Mg/Ni6 30 41 613 136 194 253 437 784 
K/Rb6 795 419 637 382 96 267 190 695 
K/Ba6 8.7 19 14 53 115 44 69 38 
Ti/zr6 7.7 18 63 311 52 13 39 124 
Zr/Nb 39 16 9.5 o.s 17 27 11 31 
Rb/Sr 0.216 0.696 0.014 o. 715 4.14 0.688 3.32 0.023 
Cen/Yn7 1. 0 1. 7 14 1. 9 4.0 2.5 1. 7 



Table 19. Table of starting and altered chemical compositions from which alteration vectors were 
derived. Some of these compositions are actual rocks whereas others were calculated. All were 
normalized to approximately 100% totals, so that all of the vectors are on a comparable basis, and are 
comparable to the anhydrous analyses of the Partridge Volcanics (Chapter 1). Explanations for the 
vectors are given in Table 21. 

Footnotes: 
1 Alteration vectors and alteration mechanisms described in Table 21. 
2 Fe+3/Fet ratios used for norm calculations. Three decimal places indicates that the analyzed ratio 

was used. Two decimal places indicates that the given ratio was used rather than the analyzed 
ratio to make the calculated norms more comparable to those in the Partridge volcanic rocks. 

J Molar anorthite % in the normative plagioclase. 
4 Molar Mg/(Mg+Fe+2) in the normative silicates. 
5 Differentiation Index: weight ratio of normative (Qz+Or+Ab+Ne)/Total. 
6 All iron originally given as FeO. 
7 All iron recalculated from element % Fe to FeO oxide %. 
8 Calculated using the 21 sample average, in this table. 
9 This composition is the average of all 21 mafic Partridge volcanic samples not believed to have 

undergone major degrees of chemical alteration. It is used as the starting composition for several 
alteration and crystal addition vectors. 

..... 
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Alterationl 
1 Vector 2 3 

Alteration! soo0 c 300-400°C (?) 300-400°C (?) 
Mechanism Seawater Seawater Seawater 

Start Altered Start Altered Start Altered 
Si02 50.10 49. 72 50.87 51.04 50.87 51.42 
Ti02 1. 28 1. 29 1. 55 1.59 1.55 1.13 
Al203 14.80 14.88 15.61 16.37 15.61 16.12 
Fe203 2.66 2.59 2.66 4.29 
FeO 12.616 12.686 6. 72 6.96 6. 72 4.54 
MnO .22 .22 .15 .16 .15 .14 
MgO 7.00 7.70 7.70 9.41 7.70 6.90 
Cao 11.10 10.88 11. 34 7.78 11. 34 11.39 
Na20 2.57 2.43 2.94 3. 74 2.94 3.76 
K10 .14 .01 .28 .17 .28 .12 
P205 .18 .20 .18 .17 

- -- -- -- --- -- --
Total 99.82 99.81 100.00 100.01 100.00 99.98 

CIPW Norms 

XFe+3 
2 0.15 0.15 0.15 0.20 0.15 0.30 

Qz 
Or .83 .06 1.65 1.00 1.65 • 71 
Plag 50.18 50.22 53.46 59.03 53.46 58.57 
Ne 
Cor 
Di 21.98 20.01 21. 65 7.99 21. 65 23.05 
Hy 18.10 20.28 12.96 15.79 12. 96 5.55 
01 3.47 3.93 4.63 9.68 4.63 5.35 
Mt 3.05 3.06 2.21 3.00 2.21 4.06 
Ilm 2.43 2.45 2.94 3.02 2.94 2.15 
Ap .42 .47 .42 .40 
-- --- --- -

Total 100.04 100.01 99.91 99.98 99.91 99.84 

An3 55.2 57.6 52.1 44.9 52.1 44.2 
MGs4 0.585 0.607 0.702 0.762 0.702 0.767 
015 0.226 0.206 0.265 0.327 0.265 0.326 

4 5 

240°C l-100°C (?) 

Seawater Seawater 

Start Altered Start Altered 
49.30 49.36 50.53 51.46 

2.28 2.38 1. 32 2.04 
13.51 14.11 15.85 16.90 

2.34 4.08 8.02 11.41 
12.23 9.98 2.78 .74 

.24 .19 .12 .16 
6.34 6.34 5.67 3.13 

10. 71 10.40 11. 73 7.45 
2.46 2. 72 2.55 3.19 

.24 .11 1.25 3.21 

.21 .19 .17 .30 
-- -- -- --
99.86 99.86 99.99 99.99 

0.147 0.269 0.20 0.40 

.18 2.00 1.29 
1.42 0.65 7.39 18.97 

45.93 48.99 49.69 49.30 

22.11 19.96 23. 77 10.35 
22.01 17.39 10.00 7.76 

2.45 
3.39 5.92 3.22 7.09 
4.33 4.52 2.51 3.87 

.49 .45 .40 .70 

99.86 99.88 99.43 99.33 

53.2 51.5 55.1 45.3 
0.547 0.646 0.630 0.671 
0.225 0.257 0.291 0.476 

6 

1°C 
71% Seawater 

Start Altered 
49.63 50.96 
1.69 1.82 

15.35 16.67 
4.08 2.51 
6.47 6.93 

.19 .17 
6.33 7.25 

11. 23 8.09 
4.53 4.26 

.31 1.13 

.21 .20 
--- --
100.02 99.99 

0.15 0.20 

1.83 6.68 
47.64 57.57 

6.13 .81 

27.64 12.80 

10.39 15.20 
2.45 2.96 
3.21 3.46 

.49 .47 

99.78 99.95 

41.9 38.6 
0.633 o. 722 
0.350 0.421 

f-3 
7 Pl 

C"' 
I-' 

s0 c Cl> 

Weathering 
_. 

'° Start Altered "" 
49. 72 49.75 Q 

.68 1.22 0 
::s 

14.28 26.62 c+ 
I-'• 

16.067 14.837 s 
.27 . 39 Cl> 

p. 
11. 78 2.84 . 
5.83 3.68 

.93 .27 

.32 .32 

.12 .08 
-- -
99.99 100.00 

0.15 0.30 

3.25 28.83 
1.89 1.89 

36.01 20.01 

2.09 19.33 

51.57 20.76 

3.88 7.17 
1.29 2.32 

.28 .19 

100.26 100.50 

77.1 88.0 
0.634 0.404 
0.130 0.328 

~ 

0 
(.;.l 



Alterationl 
8 9 An50 An80 Vector 

Alterationl 5% calcite 5% schist 5% crystal 5% crystal 
Mechanism addition addition addition addition 

Altered8 Altered8 Altered8 Altered8 
Si02 49.31 51. 42 50.97 50.58 
Ti Oz 1.17 1.20 1.14 1.14 
Al203 15.46 15.96 16.46 16.72 
Fe203 1.94 1.89 1.89 1.89 
FeO 9.53 9.66 9.35 9.35 
MnO .18 .19 .18 .18 
MgO 6.70 6.66 6.55 6.55 
Cao 12.43 9.54 9.99 10.29 
Na20 2.44 2.45 2.68 2.50 
K20 .35 .52 .35 .35 
P205 .14 .14 .13 .13 

- -- -- -- --
Total 99.65 99.63 99.69 99.68 

CIPW Norms 

~e+32 0.155 0.150 0.154 0.154 

Qz 1. 90 .48 --.~ 

Or 2.07 3.07 2.07 2.07 
Plag 50.85 51. 75 54.53 54.52 
Ne 
Cor 
Di 25.15 12.69 13.88 13.86 
Hy 9. 71 24.88 23.53 23.55 
01 6.52 
Mt 2.81 2.74 2.74 2.74 
Ilm 2.22 2.28 2.17 2.17 
Ap .33 .33 .30 .30 
-- -- --

Total 99.66 99.64 99.70 99.69 

An3 58.0 58.2 57.0 59.8 
Mgsi4 0.605 0.600 0.604 0.604 
DIS 0.228 0.258 0.253 0.238 

CPX OPX Olivine 

5% crystal 5% crystal 5% crystal 
addition addition addition 

Altered8 Altered8 Altered8 
50.74 50.92 50.14 
1.19 1.16 1.14 

15.25 15.18 15.10 
1.89 1.89 1.89 
9.66 9.89 10.11 

.18 .18 .18 
7.42 8.00 8.75 

10.43 9.58 9.50 
2.39 2.38 2.38 

.34 .34 • 34 

.13 .13 .13 
-- -- --
99.62 99.65 99.66 

0.150 0.147 0.144 

.41 .51 
2.01 2.01 2.01 

50.10 49.87 49.65 

17.25 13.89 13. 72 
24.55 28.13 25.13 

3.95 
2.74 2.74 2.74 
2.26 2.20 2.17 

.30 .30 .30 

99.62 99.65 99.67 

58.2 58.2 58.0 
0.625 0.635 0.649 
0.227 0.227 0.222 

21 sample9 
average 

None 

Start9 
50.70 

1.20 
15.89 
1.99 
9.80 

.19 
6.89 
9.98 
2.51 

.36 

.14 

99.65 

0.154 

--:SS 
2.13 

52.27 

14.46 
24.76 

2.88 
2.28 

.33 

99.66 

57.9 
0.605 
0.240 

1-:l 
Pl 
O" 
f-' 
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Table 20. Lengths of all nine alteration vectors and five crystal accumulation vectors, given in 
weight percent of the oxides. These were calculated by subtracting the 'fresh' compositions from the 
'altered' compositions listed in Table 19. 

Vector 1 2 3 4 5 6 7 8 9 An50 An80 CPX OPX OL 
- -- -- -- --

Si02 -0. 38 0.17 0.55 0.06 0.93 1.33 0.03 -1.39 0. 72 0.27 -0.12 0.04 0.22 -0.56 
Ti02 0.01 0.04 -0.42 0.10 0. 72 0.13 0.54 -0.03 0 -0.06 -0.06 -0.01 -0.04 -0.06 
Al203 0.08 0.76 0.51 0.60 1.05 1. 32 12.34 -0.43 0.07 0.57 0.83 -0.64 -o. 71 -0.79 
Fe203 * -0.07 1. 63 1. 74 3.34 -1. 57 * -0.05 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 

FeO 0.07 0.24 -2.18 -2.25 -2.04 0.46 -1.23 -0.27 -0.14 -0.45 -0.45 -0.14 0.09 0.31 
MnO 0 0.01 -0.01 -0.05 0.04 -0.02 0.12 -0.01 0 -0.01 -0.01 -0.01 -0.01 -0.01 
MgO 0. 70 1. 71 -0.80 0 -2.54 0.92 -8.94 -0.19 -0.23 -0.34 -0.34 0.53 1.11 1.86 

Cao -0.22 -3.56 0.05 -o. 31 -4.28 -3.14 -2.15 2.45 -0.44 0.01 0.31 0.45 -0.40 -0.48 
Na20 -0.14 0.80 0.82 0.26 0.64 -0.27 -0.66 -0.07 -0.06 0.17 -0.01 -0.12 -0.13 -0.13 
K20 -0.13 -0.11 -0.16 -0.13 1.96 0.82 0 -0.01 0.16 -0.01 -0.01 -0.02 -0.02 -0.02 
P205 ** 0.02 -0.01 -0.02 0.13 -0.01 -0.04 0 0 -0.01 -0.01 -0.01 -0.01 -0.01 

Total -0.01 0.01 -0.02 -0- -0- -0.03 0.01 -0- -0.02 0.04 0.04 -0.03 -0- 0.01 

* FeO and Fe203 are not differentiated in the original analysis. All iron given here as FeO. 

** P205 is not given in the original analysis. 
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sources and methods of calculation of the vectors are presented in 
Table 21. 

Seawater Hydrothermal Alteration 

106 

Vectors 1-6 represent alteration of basaltic rocks with seawater 
at temperatures ranging from 1°c to about 500°C. Vector 1 is from 
hydrothermal experiments conducted at 500°C. Vectors 2 and 3 represent 
natural samples of two different types of altered rock from the same 
area on the Mid-Atlantic Ridge, apparently altered with seawater under 
similar greenschist facies conditions. Vector 2 represents a chlorite
rich suite which has undergone a loss of Ca relative to Mg, whereas 
vector 3 represents an epidote-rich suite which has undergone a gain of 
Ca relative to Mg. Vector 4 represents a fresh rock vs. a calculated 
altered composition from the Svartsengi hydrothermal field in Iceland. 
Vectors 5 and 6 represent low temperature seawater alteration 
(palagonitization), the principal effect of which is to decrease the 
CaO and increase the K20 contents of altered rocks. 

Subae~ial Weathering 

Because the Partridge volcanics may once have been subaerially 
exposed, a "fresh" vs. weathered rock pair were chosen for a subaerial 
weathering vector (7). Unfortunately, the most suitable rock pair 
available in the literature is weathered vs. unweathered amphibolite 
from the Ukrainian shield (Lisitsyna, 1967). However, if weathering 
rates were low, then the weathering reactions involved should yield 
similar products with similar compositions. 

Calcite and Shale Contamination Vectors 

Vector 8 represents the simple addition of 5 weight % calcite, and 
vector 9 the addition of 5 weight % of "shale" to the 21 sample 
amphibolite average (Table 18). The "shale" composition is that of the 
average schist given in Table A2-1. 

Magmatic Crystal Accumulation Vectors 

These five vectors (An50, An80, CPX, OPX, OL) represent the 
accumulation of 5 weight % of phenocrysts of plagioclase, 
clinopyroxene, orthopyroxene, or olivine to the 21 sample amphibolite 
average (Table 18), which would have occurred prior to crystallization 
of the magma. The compositions of the accumulated minerals are given 
in Table 22. 

Nature of the Vectors 

Because vectors 8, 9, and the five crystal accumulation vectors 
represent the simple mixing of two end member compositions, the vectors 
are indeed straight lines in multi-component space. These vectors are 
therefore shown in the diagrams with their absolute lengths. 
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Vectors 1-7, however, represent the total effect of all continuous 
and discontinuous reactions which occurred to the rocks during 
alteration. These include both solid/solid and solid/liquid reactions, 
which in many cases must have occurred under a variety of pressures, 
temperatures, fluid compositions, and degrees of reaction progress. 
Therefore, for the sake of simplicity, I have shown vectors 1-7 as 
simple straight arrows of equal length. 

One point to note is that vectors 1-9 cannot be negative, whereas 
all five crystal addition vectors can be, representing crystal 
fractionation, at least in principal. Because crystal fractionation is 
an igneous process, it could only force a magma composition out of the 
"igneous field" if one mineral or a few chemically similar minerals 
were fractionating. However, because most of the rocks were probably 
multiply saturated on eruption, crystal fractionation could probably 
only move rock compositions along the length of the igneous fields, 
resulting in no noticeable change. 

Other Implied Vectors 

Three composition change directions for the mafic rocks can be 
seen by simple inspection of Figure 20. 

The first is the addition of pegmatitic material ( 1P 1 in the 
Figures, sample 56, Table 18) to the mafic rocks. Any line from the 
igneous field to the pegmatite composition would be a pegmatite 
addition vector. Leucocratic veins were excluded as much as possible 
from the mafic rock samples prior to analysis, and it was found that no 
obvious component of pegmatite was involved in any of the anomalous 
samples, except possibly sample 35a which will be discussed in detail 
below. 

The effect of extraction of a partial melt from an amphibolite 
during metamorphism can (in part) be seen by comparing the Monson 
amphibolite composition (sample 18, Table 3, closed squares in the 
Figures) with the quartz-andesine vein associated with it (sample 55, 
Table 18, open squares). The composition of rock from which the melt 
was extracted should move away from the composition of the melt. 
Unfortunately, the quartz-andesine vein is probably not an ideal melt 
composition because it is depleted in several elements, including K and 
Rb, which may have been lost during crystallization by removal of a 
mobile fluid phase. It is therefore not the best choice for a partial 
melt removal vector. The dacites (crossed open circles) are probably 
better. It was found, however, that melt removal could not 
successfully account for the composition of any of the anomalous rocks. 

The third vector is implicit in the shapes of the igneous fields 
themselves, which are generally elongate toward the felsic rocks. This 
elongate shape probably represents the crystal fractionation trend of 
this suite of chemically related rocks. 



Table 21. Explanations for the chemical compositions given in Table 
19. 

Vector Explanation 

108 

1 Hydrothermal experiment with ocean ridge basalt and seawater (Mottl 
and Holland, 1978). The starting composition was an ocean ridge 
tholeiite, with the analysis given by Seyfried and Bischoff (1977, 
Table 2, column 1). The altered composition was calculated by 
taking the difference between the Sargasso seawater composition 
(Mottl and Holland, 1978, Table 2) and the reacted hydrothermal 
solution composition (also Table 2, 500°0, 1000 bars, water/rock 
ratio= 3), recalculating the Si02, Na, K, Ca, and Mg differences 
from ppm to oxide weight %, multiplying times the water/rock ratio 
(3), adding the results to the starting composition, and 
recalculating to 99.82%. 

2 Basalts dredged from the Mid-Atlantic Ridge (Humphris and Thompson, 
1978, data from their Table 6, also depicted in their Figure 3). 
The starting composition is the average of the 'fresh' samples 2-1, 
2-2, 2-3, 1-97B, and 1-118B. The altered composition is the average 
of the chlorite-rich samples 1-118A, 2-5, 3-3, 3-6, 3-8, 3-17, and 
3-26. Averages were recalculated to 100% on a volatile-free basis. 
The hydrothermal assemblage of chlorite-epidote-actinolite-albite~
quartz suggests >260° to 400°c to Humphris and Thompson and 
300-40000 to me, appropriate to the greenschist facies field of 
Turner (1968, Figure 8-6). 

3 Altered composition is the average of epidote-rich samples 3-2, 3-7, 
3-12, and 3-13 of Humphris and Thompson (1978, their Table 6 and 
Figure 3). The starting composition, assemblage, and the estimated 
temperature are the same as in alteration vector 2, above. The 
average was recalculated to 100% on a volatile-free basis, also as 
above. 

4 Fresh and hydrothermally altered basalts from in and around an 
active hydrothermal field in Iceland (Ragnarsdottir et al., 1984). 
The starting composition is the Grindavik lava from their Table 1, 
minus volatiles. The altered composition was calculated by applying 
the gram gains and losses of oxides from each 1000 cm3 of 
hydrothermally altered rock (first column of their Table 5) to the 
Grindavik lava, assuming 2.8 g/cm3 density, and recalculating to 
99.86%. Note that the hydrothermal water was measured to be only 
71% seawater, diluted with fresh ground water. The fluid 
temperature of 240°c was measured in situ. 

5 Core vs. rim compositions of basaltic blocks dredged from Swallow 
Bank, NE Atlantic Ocean (Matthews, 1971). The starting composition 
is the average of columns 1 and 2 and the altered composition is 
that of column 3 from his Table 3, recalculated to 100% on a 
volatile-free basis. Matthews interprets the chemical changes to be 
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Table 21, continued. 

due to ambient seawater alteration, but I have included a higher 
maximum temperature because of the rather large grain size of some 
of the secondary minerals he describes. These are larger than the 
grain size of secondary minerals in palagonite rinds on basalts, 
described by Moore (1966), which appear to be due to ambient 
temperature seawater alteration. 

6 Cores vs. rims of pillow basalts in the Franciscan Formation, 
California (Bailey et al., 1964). The starting and altered 
compositions are the averages of the seven pillow core and seven 
pillow rim analyses, respectively, from their Table 5. The averages 
were recalculated to 100% on a volatile-free basis. The core to rim 
composition difference is interpreted by Moore (1966) to be due to 
ambient temperature seawater alteration (palagonitization). 

7 Subaerial weathering of amphibolite in the Ukrainian shield 
(Lisitsyna, 1967), taken by me as an analog of subaerial weathering 
of basalts. The starting composition is the mean of the seven 
amphibolite samples, and the altered composition is an average of 
the two deepest samples in the weathered horizon at 141 and 142.8 m 
in the drill hole, from Table 2 of Lisitsyna. The analyses were 
recalculated from element % to 100 oxide weight % on a volatile-free 
basis. 

8 This altered composition is derived by adding 5 weight % of calcite 
(= 2.80% CaO) to the 21 sample average amphibolite composition given 
in Table 18. 

9 This altered composition is derived by adding 5 weight % of the 
average schist composition in Table 42, Appendix 2, to the 21 sample 
average amphibolite composition given in Table 18. 

An50, An80, CPX, OPX, Olivine. These compositions were derived by 
adding 5 weight % of the respective mineral composition from Table 
22 to the 21 sample average amphibolite composition given in Table 
18. These vectors are to demonstrate composition changes caused by 
crystal accumulation in the basaltic liquid. 
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Table 22. Mineral compositions used to calculate phenocryst 
accumulation vectors given in Table 19. Compositions are generalized 
from Basaltic Volcanism Study Project (1981, Tables 1.2.6.7 to 
1 .2.6.9). 

An80 An50 CPX OPX Olivine 

Si02 48.3 56.0 51.5 55.0 39.5 
Ti02 0 0 .9 .3 0 
Al203 32.4 27.2 3.0 1.7 .05 
FeOt .8 .8 7.0 11 • 5 16.0 
MgO .05 .05 17.5 29.0 44.0 
Cao 16.1 10.1 19.0 2.0 .3 
Na20 2.4 5.9 .1 0 0 
K20 .2 .2 0 0 0 

Total 100.25 100.25 99.0 99.5 99.85 

Ca/(Ca+Mg+Fe) 0.389 0.039 
Mg/(Mg+Fe) 0.817 0.818 0.831 
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Therefore, although pegmatite addition, melt removal, and crystal 
fractionation are vectors implicit in the data and in the diagrams, 
they apparently had little or no effect in creating the anomalous 
compositions. 

APPLICATION OF THE VECTORS 

Variation Diagrams: Major Elements 

Figure 20 is a set of four chemical variation diagrams with all 
Partridge Formation data plotted. Figure 20A has been adapted from 
Schumacher (1983). As described above, Schumacher interpreted gedrite
cordierite gneisses in the Ammonoosuc Volcanics to be metamorphosed 
basalts which had undergone exchange of Mg in seawater for Ca in rocks 
during hydrothermal alteration. These gedrite-cordierite gneisses have 
Ca/Al (molar) ratios of 0.01 to 0.10 and MgO contents of 9 to 20%, 
compared to Ca/Al ratios of about 0.6 and 4.5 to 11% MgO for the mafic 
igneous rocks. Obviously none of the Partridge volcanic rocks analyzed 
in this study are so extensively altered. Only two Partridge Formation 
samples lie outside the igneous field in Figure 20A (12a and 27a). 
Both of these samples lie below the igneous field, and can be related 
to it by vectors 2, 4, 5, 6, and 9 for sample 12a, and vectors 1, 2, 4, 
5, 6, 7, and 9 for sample 27a. 

Figure 20B shows a more powerful discriminant for the subtly 
modified Partridge rock compositions. Sample 13a can be related to the 
igneous field only by vector 8. Samples 2a, and 22a, and 28a can be 
related to the igneous field by both vectors 7 and 8; sample 4a by 
vectors 1, 2, 6, OPX, and 01; sample 27a by 2, 3, 4, 6, and 01; and 12a 
by vectors 2, 3, 4, 5, and 6. Notice that sample 3a cannot be related 
to the igneous field by any single vector, except unreasonable amounts 
of clinopyroxene accumulation. 

If one compares the allowed vectors for sample 12a in Figures 20A 
(2, 4, 5, 6, 9) and 20B (2, 3, 4, 5, 6), it is clear that vectors 3 and 
9 are not allowed in both. This suggests that of the vectors, sample 
12a was altered by vector processes 2, 4, 5, or 6, but not 3 or 9. 
Similarly for sample 27a, only vectors 2, 4, and 6 are allowed by both 
figures 20A and 20B. 

This process of elimination can be continued for all samples with 
Figures 20A through 20D. The allowed vectors for all samples for each 
of these diagrams are listed in summary Table 25. 

Le~st Squares Regression 

Multi-component least-squares regression calculations were used to 
test the results of simple inspection of the major element chemical 
variation diagrams. Calculations were done using using interactive and 
batch computer programs written by myself, based on the least-squares 



112 

Figure 20. A) Ca/Al (molar) vs. Mg0% (adapted from Schumacher, 1983). 
B) CaO%/Na20% vs. Mg0%. C) Na20% vs. Mg0%. D) K20% vs. Ca0%. All 
Partridge volcanics are plotted along with other samples from Tables 18 
and A2-1. The curved lines enclose the bulk of the mafic rock data and 
define the igneous fields. The alteration and crystal addition vectors 
are defined in Table 19 and explained in Table 21. By definition, 
mafic rocks which lie outside the igneous fields are anomalous and are 
labeled. 

Explanation of Symbols 
-+- Olivine-nepheline normative 
• Olivine-hypersthene normative 
@ Quartz-diopside normative <54.5% Si02 
0 Quartz-diopside normative >54.5% Si02 
8 Corundum normative <70% Si02 
E9 Corundum normative 70-77.5% Si02 
() 21 sample average (Table 18) 
* Samples 53 and 54 (rusty gneisses) 
0 Sample 55 (quartz-andesine pegmatite) 
P Sample 56 (normal pegmatite) 
S Schists 
II Monson amphibolite (sample 18) 
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Figure 20, continued. 
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approximation method of Bryan et al. (1969). Regression calculations 
were done using weight % of the mobile oxides MgO, Cao, K20, and Na20, 
and the relatively immobile oxide Al203. No weighting was used in the 
examples given here. Calculations were performed using the 21 sample 
average (Table 18) as the starting composition, and one or two vectors 
to approximate the modified rock composition. 

It may be that the 21 sample amphibolite average is a poor choice 
as a starting material for some of the modified samples, which may have 
been derived from more or less evolved compositions. However, too many 
degrees of freedom can result in spurious correlations which are no 
less serious than the use of a somewhat improper starting composition. 
Therefore, for simplicity, the 21 sample average was used exclusively 
as the starting composition. 

The results, expressed as sums of the squares of the residuals, 
using single vectors, are shown in Table 23. A minus sign on the 
residuals means that the vector was calculated as having been 
subtracted from the 21 sample average to approximate the modified 
composition (crystal fractionation), and positive values mean that the 
vector was added. Note that vectors 1 to 9 cannot be negative. 
Particularly low values for each sample are underlined, except for 
sample 14a, for which all residuals are low. 

In general, only one or a few vectors are favored for each sample 
based on least-squares approximation. Also in general, at least one of 
the vectors favored for each sample is consistent with favored vectors 
based on major element variation diagrams. The favored vectors from 
Table 23 are listed in summary Table 25. 

Least-squares calculations were also carried out using two 
vectors, using the same starting composition and the same elements. 
This was done in part to see if samples which were poorly modeled with 
one vector could be better modeled with two. It is reasonable to 
assume that more than one process did operate on some samples. This 
attempt, however, was only partly successful. Using three modeling 
components (21 sample average plus two vectors instead of one), which 
were tested in all non-equivalent combinations, resulted in the number 
of calculated residuals increasing by a factor of 14 over the number 
presented in Table 23. The sizes of the residuals are also much 
smaller (1 to 10-4) because residuals approach zero as the number of 
components approaches the number of variables. 

I found it difficult to present large quantities of small 
residuals, and therefore decided upon a different way to present the 
results of the two-vector regression calculations. The results (Table 
24) are more or less the number of times the combination of one vector 
(shown along the top of Table 24) in combination with any other vector 
resulted in a sum of the squares of the residuals of <0.01. The exact 
method is described and an example shown in Figure 21. In Table 24, 
the larger values (+ or -) are the most likely to represent important 
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Table 23. Sums of the squares of the residuals calculated for least 
squares regression fits between suspected altered Partridge Mafic 
volcanics, the 21 sample average, and single vectors. The sign (+ or 
-) of the residuals indicates calculated addition or removal, 
respectively, of the vector from the 21-sample average. For example, 
the sample 4a/Olivine residual = +0.4, suggesting olivine addition 
(accumulation), whereas the sample 3a/An50 residual= -1.5, suggesting 
plagioclase subtraction (fractionation). Note that vectors 1-9 cannot 
be negative. The residuals with the lowest absolute values for each 
sample are underlined. In principal, these residuals should be the 
most likely ones to have changed the original fresh igneous rock 
compositions to their present altered compositions. 

Vector 1 2 3 4 5 6 7 8 9 AnSO An80 CPX OPX OL 

Sample 
2a 1.1 -5.3 -7.2 3.4 7.4 7.5 

3a 3.3 9.4 9.5 9.5 -1.5 -3.7 4.0 bl. 2.5 

4a 1.5 11. 7 15.3 -7.7 -3.7 13.2 _& .4 

Sa 2.5 1.6 -2.6 2.3 2.3 -2.3 -2.3 

Sa 2.4 9.4 10. 7 -5.2 -3.3 9.6 1.0 .9 

12a 20.6 10.9 29.9 16.0 6.4 hl 27. 4 9.9 27.l 30.4 -20.5 30.1 30.0 

13a 2.7 -12.1 12.4 10.2 -11.8 -11.6 

14a .1 . 5 .s .4 .4 .4 -.s -.3 -.3 

16a .1 1. 7 3.2 2.0 3.2 -2.3 -2.0 3.1 1.0 _:_2. 

22a 3.8 1. 5 -1. 8 -3.3 u 3.5 3.5 

27a 6.0 . 3 8.2 2.4 5.3 2.1 8.1 5.6 7.9 -8.1 -6.S 7.7 7.4 

28a 4.6 9.8 9.5 -.2 -1.4 2.3 1.5 1. 7 

35a 4.4 4.3 1. 8 _,_] 3.1 3.0 . 9 2.5 4.6 -1.1 -5.3 -5.4 
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Table 24. Total numbers of all occurrences where the of sums of the 
squares of the residuals are <0.01, calculated as shown in Figure 21, 
for two-vector least-squares regression calculations. Signs on the 
sums (+ or -) suggest that vector addition (e.g. crystal accumulation) 
or subtraction (e.g. crystal fractionation), respectively, operated to 
remove the altered samples from the igneous field. Note that vectors 
1-9 cannot be negative. Particularly high absolute values for the sums 
are underlined, possibly representing important alteration vectors. 

Vector 1 2 3 4 5 6 7 8 9 AnSO An80 CPX OPX OL 

Sarno le 
2a 1 2 1 3 -1 2 -1 -3 

3a 1 2 1 1 2 

4a 3 3 3 5 3 2 -1 -2 -1 9 10 

Sa 3 2 -1 3 

Ba 2 1 2 5 3 5 -4 -1 1 7 7 

12a 1 5 1 2 1 2 -1 -1 

13a 1 1 l 1 1 2 -2 

14a 4 1 1 1 11 1 1 -1 3 -3 -3 

16a 10 1 1 _]_ 4 1 2 -1 1 1 2 2 

22a 1 1 2 3 1 -1 -1 2 -2 

27a 3 11 1 6 4 4 2 6 1 -3 3 3 
-----

28a 2 1 1 2 2 3 2 -10 -1 4 5 5 

35a 3 8 2 7 6 5 8 10 6 1 -6 2 1 
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Figure 21. Example for sample 4a showing how the numbers in Table 24 
were arrived at. The upper-right part of the matrix is redundant and 
is ignored. Each 11 1 shown in the matrix represents a matrix element 
in which the sum of the squares of the residuals was <0.01. The 
residuals were determined using least squares regression calculations 
using two vectors, shown along the tops and sides of the matrix, and 
the 21 sample amphibolite average (Table 18). The signs (+or-) 
represent whether the vector along the top row (upper sign in each 
matrix element) or the side (lower sign in each element) was calculated 
to have been added to or subtracted from the 21 sample average to 
arrive at the modified composition. The signs to the left of the 1 1 s 
correspond to vectors on the left side of the matrix, and the signs 
above the 1 1 s correspond to vectors along the top. Note that vectors 
1-9 cannot be negative. The totals along the bottom of the matrix were 
calculated by adding the 1 1 s together first along one vector row (two 
examples are given), and then down the column for the same vector, 
using the appropriate +1 or -1 value. The idea is that if a given 
vector does not well represent the path from the igneous field to the 
modified rock composition, then combining a second vector with the 
first is unlikely to yield low residuals or consistent vector signs, 
both resulting in low totals in the bottom row. In the case shown 
here, only orthopyroxene and olivine addition vectors appear to yield 
consistently low residuals and vector signs. Therefore, the totals are 
high for these vectors, probably representing the process important in 
causing the anomalous composition of sample 4a (olivine and/or 
orthopyroxene accumulation). 
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Figure 21, continued. 
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vectors for each sample, and are underlined. Note again that vectors 
1-9 cannot be negative. These results are listed in summary Table 25. 

Ni, Cr, and MgO Variation Diagrams 

Vectors which have the principal effect of increasing the MgO 
contents of anomalous samples (vectors 1, 01, and to a lesser extent 2) 
are difficult to distinguish using major elements. In order to 
distinguish between them, the mafic rock data were plotted with respect 
to Ni, Cr, and MgO (Figure 22). In using these diagrams it was 
assumed, for better or for worse, that Cr and Ni were immobile under 
the conditions of hydrothermal or other alteration these rocks 
experienced, at least relative to the mobile major elements. Notice 
that Figures 22A, 22B, and 22C can be folded to form three faces of a 
3-dimensional box. The igneous field within the box is shaped like a 
banana. 

Five vectors are shown in Figure 22. 011 and 012 are olivine 
accumulation vectors, and chromite is a chromite accumulation vector. 
Both types are explained fully in the caption. The 01 vectors in 
Figure 22 may also be taken as representing Ni-bearing pyroxenes as 
well as olivine. The Mg+ vector represents any vector except olivine 
(or pyroxene) addition which increases the MgO content of anomalous 
rocks (vectors 1, 2, and 6), whereas the Mg- vector represents any 
vector which decreases the MgO content of anomalous rocks (vectors 3, 
5, 7, 8, 9, An50, and An80). 

Sample 3a is situated at the high MgO end of the igneous field in 
Figure 22A. In Figures 22B and 22C, however, 3a is anomalously 
enriched in MgO and Ni with respect to Cr. This clearly suggests that 
a Ni-rich olivine vector (011) accounts best for 3a's anomalous 
composition. The results for sample 8a are identical. 

Sample 4a is displaced toward high MgO contents in Figures 22A and 
22B, but lies within the igneous field in 22C. In this case (and for 
sample 16a), no distinction can be made between the 012 vector or the 
vectors represented by Mg+. 

Samples 12a and 14a are displaced slightly toward low MgO contents 
in Figure 22A, are within but near the low MgO edge of the igneous 
field in 22B, and both are well within the igneous field in 22C. 
Crystal fractionation of an olivine composition capable of moving these 
samples anywhere but straight down the igneous field is unlikely. The 
lack of any displacement toward low Ni with respect to Cr therefore 
suggests that one of the vectors represented by Mg- operated on these 
samples. 

Sample 11, while not considered to be anomalous based on its major 
element composition, is displaced toward high Cr contents, which is 
probably related to a tiny amount of chromite accumulation (about 0.07 
weight%), or possibly the accumulation of chromian clinopyroxene (e.g. 
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Figure 22. Chemical variation diagrams for mafic Partridge samples. 
A) Ni vs. MgO. B) Cr vs. MgO. C) Cr vs. Ni. These three diagrams can 
be folded into three sides of a box. Five vectors are shown for each 
diagram. Mg+ and Mg- vectors correspond to any vectors from Table 19 
which tend to increase or decrease the MgO content of rocks, excluding 
pyroxene or olivine accumulation vectors. The chromite vector 
corresponds to the addition of 0.1 wt.% chromite to the 21 sample 
average. The chromite composition (Cr203 = 40%, MgO = 11%) was 
generalized from the Basaltic Volcanism Study Project (1981, Table 
1.2.6.6) and the Ni content (3200 ppm) was calculated assuming a 200 
ppm Ni parent liquid and a Kd(Ni)(chromite/liquid) of 16 (Allegre et 
al., 1977). The olivine vectors correspond to the addition of 5% 
olivine to the 21 sample average. The olivine compositions used are 
those calculated to be in equilibrium with liquids having the 
composition of sample 7 (011 olivine = 50.5% MgO, 1887 ppm Ni, 
negligible Cr), and sample 31 (012 olivine= 42.0% MgO, 253 ppm Ni, and 
negligible Cr). MgO in olivine was calculated using the equation of 
Roeder and Emslie (1970), and Ni was calculated using the MgO-dependent 
equation of Hart and Davis (1978). 

Explanation of Symbols 
.. Olivine-nepheline normative 
• Olivine-hypersthene normative 
0 Quartz-diopside normative <54.5% Si02 
() 21 sample average (Table 18) 
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2.8 weight% of clinopyroxene containing 1% Cr203). 

To summarize, Figure 22 serves to differentiate between Ni-rich 
olivine accumulation in samples 3a and 8a, and the vectors represented 
by Mg+. For other anomalous samples (4a, 12a, 14a, 16a), the results 
are somewhat ambiguous. 

DISCUSSION 

Individual Samples 

Table 25 is a summary of the results from Figures 20 and 22, and 
Tables 23 and 24. The vectors I favor are given in the last column. 
For simplicity, orthopyroxene is equated with olivine in the last 
column of Figure 25, and in the following discussion, for two reasons: 

1) Olivine and orthopyroxene vectors are virtually impossible to 
differentiate, even when using Si02 as a variable. 

2) Cumulus olivine is more widespread and usually more abundant in 
basaltic lavas than is cumulus orthopyroxene, so the most likely 
vector of the two in any given case is olivine. 

For samples 2a, 4a, 13a, 22a, and 27a, the reasons for choosing 
the favored vectors in the last column of Figure 25 are obvious. 
Generally, the favored vector is a possible vector in each Figure or 
Table in which the sample appeared to be anomalous. By a process of 
elimination, the favored vector is the only one allowed by all 
discriminants. Other samples marked by an (*) in Table 25 are 
discussed in order of sample number below. 

Sample 3a. Figure 22 makes it quite clear that this sample has 
accumulated Ni-rich olivine, which is also suggested by other 
discriminants (Table 25). However, in Figure 20B it is equally clear 
that sample 3a cannot be related to the igneous field solely by the 01 
vector. Inspection of Figure 20B suggests that calcite addition is the 
most likely vector which, in combination with olivine accumulation, can 
relate sample 3a to the igneous field. Sample 3a also has one of the 
highest CaO contents (12.12%) of the analyzed Partridge volcanic rocks, 
supporting the combination of vectors 8 and 01. Vector 7 (subaerial 
weathering) is not favored principally because the rock is not oxidized 
and contains no magnetite, which would be expected (but not required) 
if the volcanic unit had been subaerially exposed and weathered. 

Sample 5a. This sample is anomalously enriched in K20 (0.71 %, 
Figure 20D), for which vectors 5 and 9 are allowed. Relating sample 5a 
to the igneous field by vector 9 (shale contamination) would require 
about 5% of a shale component. The Zr and Nb contents of sample 5a (30 
and 0.9 ppm, respectively) are among the lowest of all of the mafic 
Partridge rocks (the average schist contains 271 ppm Zr and 20 ppm Nb, 
Table A2-1). It is therefore unlikely that vector 9 is responsible for 
the high K20 content of sample 59. Vectors 5 and 8 are therefore 



Table 25. Summary table showing all altered samples of mafic Partridge volcanics, with all alteration 
vectors which are allowed or favored in the several different diagrams or tables previously discussed. 
A blank box indicates that the sample did not appear anomalous in that diagram, or that it was not 
modeled well by any regression calculation. The vectors which probably operated on each sample are 
listed in the last column. For six of the samples the favored vector is easily chosen. For the other 
seven the choice is more difficult (labeled*), and are discussed at length in the text. 

Diagram 
or Table 
Sample 

2a 

3a 

4a 

Sa 

8a 

12a 

13a 

14a 

ca/A1 vs Mgo 
Figure 20A 

Ca(l/llazO vs HgO 
Figure 20B 

7,8 

ifa20 vs MgO 
Figure 20C 

6,7,8,9,CPX 

l~20 vs CaO 
Figure 201l 

8 

1 vector 
Table 23 

8 

2 vectors 
Table 24 

Cr vs :'Ji vs llgO 
Figure 22 

+-------- -+----· ·----
none l,CPX,OPX,OL -AnSO,OPX,OL OPX,OL 

1,2,6,0PX,OL 1,2,0PX,OL OPX,OL OPX,OL 1, 

5,9 8 
--·-·~------ ---

5,6,9 5,9,0PX,OL OPX,OL OPX,OL 

2,4,5,6,9 2,3,4,5,6 2,3,4,5 5,9 6'! 3,5,7,8,9,An 

8 6,7,8,9 8,An80,CPX 8 
---------·--+- ---

8 3,5,7,8,9,An 

Favored 
vectors 

--
8 
---

8+oL * --
OL 

-
5 * 

5,0L * -
5 * 
-
8 

* 
-·--·~-------

16a l,OPX,OL i,2,6,CPX, I 1 * 
1,6 OPX,OL __ _J_ --·--------+· ·-·--··-. 

22a 7,8 6,8,9,CPX 8,CPX 8 
>-·--- ------·-----!-----· ··---~-

27a 1,2,4,5,6,7 2,3,4,6,0L 2,3,4,AnSO 2 2 2 

2:.la 7,8 6,8,9 -An SO -An SO 7+8 * 
13sa I 1·--·-- 5,6,9 5,9 

9? * 
---

f--' 
N 
(,-! 



favored. The application of vector 8 is not supported by Figure 20B. 
Vector 5 is therefore favored. 
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Sample 8a. The OL vector is clearly favored in Tables 23 and 24, 
and in Figure 22. However, this sample is also enriched in K2o (1.10%, 
Figure 20D). Figure 20D allows vectors 5, 6, and 9 for this 
enrichment. The amount of shale contamination (vector 9) required by 
Figure 20D is about 10%. This is rendered highly unlikely by the fact 
that 10% of the Nb content of the shale component (average schist, 
Table A2-1, 20 ppm Nb) is 2 ppm, which is greater than the amount of Nb 
in sample 8a (1.7 ppm). Finally, because vector 5 is allowed in both 
Table 23 and Figure 20D and vector 6 is not, vector 5 is the more 
likely of the two responsible for the K20 enrichment of sample Sa. 
Therefore, both vectors 5 and OL are responsible for the displacement 
of sample 8a from the igneous field. 

Sample 12a. Vectors 6, 7, and 8 are allowed by various 
discriminants (Table 25), but are probably not important because they 
move this sample in the wrong direction from the igneous field in 
Figure 20C. For the same reasons, vector An80, allowed by Figure 22, 
is disallowed by Figure 20B, and vectors 2, 4, and 6 are disallowed by 
Figure 22. The nepheline-normative character (Table 3) of this 
otherwise tholeiitic rock precludes the approximately 70% shale 
contamination required to raise the K20 content of this rock to its 
current 3.03%. Therefore, although vector 3 cannot be ruled out, 
vector 5 (low temperature seawater alteration), the principal effects 
of which are GaO depletion and large K20 enrichment of altered rocks, 
is the favored one. 

Samples 14a and 16a. These two samples are similar in that they 
do not appear to be anomalous in any of the major element diagrams. 
Inspection of Table 25 shows that for 16a, vector 1 is the most 
favored. For sample 14a, however, the apparently favored vector 8 
cannot account for its MgO-depletion (Ni enrichment?) evident in Figure 
22A. The failure of vector 8, coupled with the fact that this sample 
is nearly identical with the 21 sample average (compare in Table 3) for 
the elements considered here, make the alteration mechanism for this 
sample enigmatic. 

Sample 28a. Vectors 6, 7, 8, 9, and An50 are allowed by different 
discriminants in Table 25. Because this sample has a low K20 content 
(0.21%), vectors 6 and 9 are precluded. Plagioclase (An50) subtraction 
is unlikely because the direction of this vector is wrong in Figure 
20B. Even if it were right, the necessary amount of plagioclase 
subtraction would be about 30% (Figure 20G), which is not likely to 
occur without simultaneous fractionation of mafic minerals which would 
tend to keep sample 28a within the igneous field. This leaves vectors 
7 and 8. Sample 28a has a modestly high Al203 content (16.22%) 
compared to other mafic samples of similar silica content (Table 3) and 
a low Na20 content (1.33%). These facts favor vector 7. The modestly 
high CaO content (11.10%) for sample 28a compared to other samples of 



similar Si02 content favors vector 8. Therefore, although the 
alteration mechanism for this sample is somewhat ill defined, a 
combination of vectors 7 and 8 (e.g., calcite addition to a slightly 
weathered scoria) are favored. 
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Sample 35a. This sample is considered to be anomalous principally 
because of its high K20 content (1.13%, Figure 20D), suggesting 
alteration vectors 5, 6, and 9. Of these, 5 and 9 are most favored in 
Table 25. Interestingly, this sample also contains large quantities of 
the mobile incompatible elements Rb and Ba, as well as relatively large 
quantities of Nb (4.7 ppm) and Zr (79 ppm), which are immobile 
incompatible elements, at least in many systems. The Zr/Nb ratio of 
sample 35a (17) is also very low compared to the other mafic rocks 
(20-50). Although certain other mafic samples have high Nb and Zr 
contents (14a, 4.8 and 202 ppm; 21, 5.6 and 227 ppm; 32, 5.1and165 
ppm), none have high K20, Rb, or Ba contents or low Zr/Nb ratios. 35a 
is the only mafic sample from the granulite facies metamorphic zone. 
It is interesting to note that large portions of this outcrop appear to 
have undergone partial melting during regional metamorphism, forming 
vein networks of partial melt zones similar to those described in 
schists by Tracy and Robinson (1983, Figure 4). I therefore consider 
it likely that this sample underwent alteration either by mixing with a 
shale component (vector 9) prior to metamorphism, or by infiltration of 
a partial melt component derived probably from local schists. This 
melt component would be required to have high K, Rb, Ba, Nb, and Zr 
contents and a low Zr/Nb ratio. The pegmatite (sample 56, Table 18) 
has all of these except perhaps high enough Nb and Zr contents. 

TRACE ELEMENTS 

Mobilization of Rb, Ba, and K 

During many magmatic processes involving basaltic rocks at low 
pressure, the relatively incompatible elements, such as Rb, Ba, K, Y, 
and Zr, should behave similarly. A group of related rocks should 
therefore have similar ratios of these elements. However, the elements 
Rb, Ba, and K are considered to be relatively mobile during many 
alteration processes (Hart, 1971), whereas Y and Zr are relatively 
immobile (Pearce and Cann, 1973). The consequences of this mobility 
vs. immobility are evident in Figure 23, in which each of the four 
elements Rb, K, Ba, and Y are plotted against Zr. Concentrating on 
just the mafic rocks (dotted and solid circles), there are four points 
to note: 

1) The abundance ranges for the mobile elements for most of these 
samples is small, 1.5-8.7 ppm for Rb, 0.1-0.5% for K20, and 10-150 
ppm for Ba. 

2) The few mafic samples outside these ranges are scattered widely. 
3) There is no obvious correlation between the mobile elements Rb, Ba, 

and K, and the immobile element Zr. 
4) By comparison, the immobile elements Y and Zr are well correlated. 



Figure 23. Chemical variation diagrams showing three mobile incompatible elements, Rb, Ba, and K (as 
K20), and one immobile element, Y, plotted against Zr, which is also an immobile element. All 
Partridge volcanic rocks from Chapter 1 and all rocks from Table 18 are plotted. Note that the shapes 
of insets A and C are distorted. 
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Figure 23 shows that whatever alteration processes occurred, the 
concentrations of the mobile elements in a few of the samples were 
altered profoundly, whereas in the majority of samples only minor 
changes occurred. 
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Figure 24 shows the mobile elements K20, Rb, and Ba plotted 
against one another. In Figure 24A (Rb vs. K20) a moderate correlation 
can be seen (outlined in the inset) for the mafic rocks, extending 
toward the falsie rocks. This is expected even excluding magmatic 
processes because these two elements are geochemically similar. All of 
the mafic Partridge samples having high K and Rb contents lie near a 
line with a K/Rb ratio of 300 (e.g. sample 12a). For most samples this 
probably represents the effect of low temperature seawater alteration, 
vectors 5 and 6 in the previous section, during which Rb as well as K 
was added to the altered rocks. The K/Rb ratio of about 300 for 
altered Partridge samples may be compared with a ratio of 1031 for 
altered mid-ocean ridge basalts (Staudigel et al., 1981a, linear 
regression through data from their Table 1) which were estimated to 
have been alteration at temperatures of 15-80°0 (Staudigel et al., 
1981b). The K/Rb ratio of seawater, for comparison, is 3325 (Holland, 
1978). 

The ultramafic rock (triangle, sample 57), however, has the 
highest Rb content (145 ppm) and lowest K/Rb ratio (96) of any of the 
Partridge samples, as well as a high K20 content (1.69%). It is 
unlikely that magmatic processes could endow an ultramafic rock such as 
sample 57 with such large K20 and Rb contents. By comparison of the 
ultramafic sample with the other anomalous mafic samples, it also 
appears that its unusual composition can not be attributed to seawater 
alteration. 

One idea for sample 57 is that K20 and Rb diffused into the 
ultramafic rock body, which is only about 2 m thick, from adjacent 
schists (sample 58) or pegmatite (sample 56) during metamorphism. Each 
line drawn on Figure 24A is a composition path for an arbitrarily 
chosen domain of ultramafic rock within the rock body, with diffusion 
of K20 and Rb into the rock during metamorphism. The end members are 
an ultramafic rock with 4 ppm Rb and 0.3% K20 starting composition, and 
a schist with the composition of the average schist in Table A2-1. The 
diffusion equation used is from Hoffman (1980, equation 7), which 
models the schist as an infinite uniform reservoir and the ultramafic 
rock as a very thick slab. 

The different curves in Figure 24A represent differing relative 
bulk distribution coefficients: 

(
Krock/fluid) /(Krock/fluid) 

Rubidium Potassium 
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for the diffusing K and Rb, which would be dependent on the local 
amounts of biotite and K-feldspar, among other things. If this is a 
reasonable model for sample 57, then Figure 24A suggests that Rb 
diffused faster than K, and therefore that Rb had a lower bulk 
Krock/fluid distribution coefficient than K. Although none of the 
curved lines in Figure 24A actually overlap sample 57, it should be 
obvious that a slightly more Rb-rich schist or the pegmatite 
composition, off the diagram to the right, would allow similar curves 
to overlap the ultramafic sample. 

Diffusion of K and Rb from local schists or pegmatites could have 
been driven by biotite-producing reactions within the ultramafic rock 
body, which would tend to keep the chemical potential of K and Rb low 
within the body. Such a reaction might be: 

2K20 + 2CaA12Si20a + 17MgSi03 + 5H20 = 
4KMg3AlSi301o(OH)2 + Ca2Mg5Si3022(0H)2 + 3i02, 

the H20 and K20 or Rb20 equivalent being derived from local schist or 
pegmatite. This prograde hydration reaction is not so peculiar as it 
might appear, because the granulite facies K-feldspar - orthopyroxene 
assemblage is not stable at the metamorphic grade of sample 57 except 
at much higher bulk Fe/(Fe+Mg) ratios (see Chapter III). 

Inspection of Figure 24B (Rb vs. Ba) suggests that this same 
diffusion process could account for some of the widely scattered bulk 
compositions, using schists or pegmatite as the mobile element sources. 
Other samples (e.g. 5a) could not have attained their present 
compositions by simple diffusion from pegmatitic or schist reservoirs. 
These highly Ba-enriched samples may represent rocks in which barite at 
one time precipitated, either on the sea floor or in veins, prior to or 
during metamorphism. 

Mobilization of Zn 

Comparison of the rusty-weathering gneisses in Table 18 (samples 
53 and 54) with each other suggests that under some conditions, Zn may 
have been mobile. Both of these samples are quite silica-rich and 
otherwise have peculiar compositions. To a first approximation, the 
compositions may be modeled as subaerially reworked felsic volcanics, 
with an Al203- and Ga-rich clay component removed possibly by fluvial 
processes. Sample 53, however, has by far the lowest Zn content of any 
other Partridge rock analyzed in this study (10 ppm, next lowest is 24 
ppm in sample 55, Table 13). Sample 54, taken from within a few meters 
of sample 53 within the same gneiss unit, has by far the highest Zn 
content of any analyzed Partridge rock (817 ppm, next highest is 165 
ppm in sample 20, Table 3). The suggestion is that Zn may have 
migrated prior to or during metamorphism, transported by moving 
sulfide-bearing or other fluids. 
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Figure 24. Chemical variation diagrams of A) Rb ppm vs. K20% and B) Rb 
ppm vs. Ba ppm, with all rocks analyzed in this study plotted. Notice 
the rather good positive correlation between Rb and K20 in A), 
suggesting that these elements behaved similarly under most 
circumstances. In B), however, correlations are poor, suggesting that 
the two incompatible elements Rb and Ba (and by analogy K20 and Ba) 
behaved differently under some conditions. 
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SUMMARY AND CONCLUSIONS 

21 of the 34 analyzed Partridge mafic rocks have bulk compositions 
which are very similar to island arc low-K tholeiites, for both major 
and trace elements, including mobile elements. The other 13 samples 
have anomalous compositions and appear to have been chemically 
modified. That is, these 13 samples do not generally lie within the 
igneous fields defined by the bulk of the data in chemical variation 
diagrams. 

Fourteen vectors were used to attempt to relate the 13 anomalous 
samples to the igneous fields. The vectors included hydrothermal 
alteration with seawater at various temperatures, subaerial weathering, 
contamination with shale or calcite, and the magmatic accumulation of 
plagioclase, clinopyroxene, orthopyroxene, and olivine phenocrysts. 
The importance of the vectors for each sample was determined by simple 
inspection of chemical variation diagrams and by least squares 
regression calculations. 

The results show that olivine addition (OL), calcite contamination 
(8), and low temperature (1-1QQOC) alteration with seawater (5) vectors 
were by far the most important, accounting singly or in pairs for eight 
of the 13 anomalous samples. Small degrees of high temperature 
seawater hydrothermal alteration (vectors 1 and 2) account for two 
other samples. One sample appears to have been altered by a 
combination of subaerial weathering and calcite addition (vectors 7 and 
8). One other sample appears to have either been mixed with a shale 
component (vector 9) or contaminated with a partial melt component from 
local schists. The remaining sample (14a) is only slightly anomalous, 
and a vector could not be assigned. 

It is concluded that it is indeed possible to identify the 
mechanisms by which mafic Partridge volcanic rocks were chemically 
modified prior to metamorphism. It is important to note that the 
vectors can be applied and identified only with respect to a coherent 
"igneous field" of relatively unaltered rock compositions. The reason 
the vector method is successful with the mafic Partridge volcanic rocks 
is critical: the majority of the mafic Partridge volcanic rocks are 
virtually unaltered from their original igneous compositions, despite 
sillimanite grade metamorphism. This fact alone is probably more 
significant than the application of the alteration and crystal 
accumulation vectors themselves. 



CHAPTER III 

PROGRADE AMPHIBOLE DEHYDRATION REACTIONS IN THE HIGH GRADE 
METAMORPHIC ZONES OF CENTRAL AND SOUTH-CENTRAL MASSACHUSETTS 
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Other: 11 ••• Is thought an attribute also of the mineral kingdom?" 
Moxon: "How else do you explain the phenomena, for example, of crystal

lization?" 
Other: "I do not explain them." 
Moxon: "Because you cannot without affirming that you wish to deny ••• 

intelligent cooperation among constituent elements of the 
crystals •••• When the homogeneous atoms of a mineral, moving 
freely in solution, arrange themselves into shapes mathematic
ally perfect ••• you have nothing to say. You have not even in
vented a name to conceal your heroic unreason." 

Ambrose Bierce (1964) 

ABSTRACT 

In the study area, Ordovician, Silurian, and Devonian rocks were 
deformed and regionally metamorphosed during the Devonian Acadian 
Orogeny. Metamorphic grade in rocks studied ranged from sillimanite
staurolite-muscovite grade to the granulite facies. Amphibole- and 
pyroxene-bearing mineral assemblages were studied to evaluate the 
chemography of amphibole dehydration reactions with metamorphic grade. 
This study is complementary to previous amphibole studies in 
Massachusetts, and extends coverage into the granulite facies. 

Many reactions involving amphiboles and pyroxenes were examined in 
non-calcareous rocks. Four reactions are particularly important in 
converting amphibolites into pyroxene granulites: 

1 ) 

2) 

3) 

4) 

Orthoamphibole + Hornblende + Quartz = 
Cummingtonite + Plagioclase + H20 

Cummingtonite + Anorthite component = 
Orthopyroxene + Hornblende + Albite component + Quartz + H20 

Hornblende + Quartz = 
Plagioclase + Orthopyroxene + Clinopyroxene + H20 

Orthopyroxene + Plagioclase = 
Clinopyroxene + Garnet + Quartz 

Of these reactions, the first three were studied in detail. They are 
listed in order of decreasing Xmg (Mg/(Mg+Fe+2)) at constant 
temperature, or increasing temperature at constant Xmg' at which the 
reactions proceed. These four reactions form a mineral assemblage 
facies series with increasing grade in rocks with bulk compositions 
typical of tholeiitic basalts. Such rock compositions projected from 
plagioclase onto the AFM plane lie between the hornblende field and the 
Fe-Mg join. The most important facies series assemblages are, in order 
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of increasing grade: 

A) Hornblende-Orthoamphibole (Mg-rich rocks) 
Reaction 1 

B) Hornblende-Cummingtonite 
Reaction 2 

C) Hornblende-Orthopyroxene 
Reaction 3 

D) Orthopyroxene-clinopyroxene 
Reaction 4 

E) Clinopyroxene-Almandine Garnet (Fe-rich rocks) 

Mg-rich refers to bulk compositions with Xmg of about 0.55 and higher, 
Fe-rich refers to rocks with Xmg of about 0.4 and lower, at the 
approximately 6 kbar pressure estimated for peak Acadian metamorphism 
in Central Massachusetts. This facies series occurs in central 
Massachusetts over a temperature range from 575 to 715°C, estimated 
using the Thompson (1976) garnet-biotite geothermometer. 

In addition to the above reactions, K-feldspar occurs in quartz
plagioclase-orthoclase-biotite-orthopyroxene-garnet assemblages via the 
reaction: 

5) Biotite + Plagioclase + Quartz = 
Orthoclase + Orthopyroxene + Almandine Garnet + 
Ilmenite + H20. 

Evidence also exists that K-feldspar formed by a somewhat different 
reaction in orthopyroxene-clinopyroxene-hornblende assemblages free of 
garnet. 

Using experimental data on a simplified equivalent of Reaction 2, 
estimated temperatures, and measured mineral compositions, it was 
possible to estimate that XH20 in the metamorphic fluid was between 
about 0.35 and 0.55, depending on the geothermometer used. 

INTRODUCTION 

Geologic Setting 

The study area is located in central Massachusetts (Figure 25A). 
The area can be divided into two broad regions based on the geology 
(Figure 25C). On the west side of the study area is the Bronson Hill 
anticlinorium, which is a belt of structural domes with older gneisses 
of various types and ages exposed in the cores mantled by metamorphosed 
sedimentary and volcanic rocks of Ordovician, Silurian, and Devonian 
ages. On the eastern side of the study area is the Merrimack 
synclinorium which is composed of a complexly deformed sequence of 
Ordovician, Silurian, and Devonian rocks. These rocks were all 
intensely deformed and metamorphosed to grades ranging from the 
chlorite zone to the granulite facies during the Devonian Acadian 
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Orogeny. 

The rocks in which amphiboles and associated breakdown products 
occur are metamorphosed mafic volcanic rocks, gabbros, ultramafic 
rocks, and unusual iron-rich rocks. Such rocks, with bulk compositions 
appropriate to the study of amphibole-pyroxene phase relations, are 
relatively common in central Massachusetts. 

Metamorphism 

Acadian metamorphic grade in central Massachusetts ranges from the 
chlorite zone in the Connecticut Valley-Gaspe synclinorium on the west 
and the Wachusett Reservoir-Leominster area on the east, to the 
granulite facies in central and south-central Massachusetts and 
northeastern Connecticut. For details, see the Bedrock Geologic Map of 
Massachusetts (Zen, 1983, Sheet 2), Robinson et al. (1982b, Figure 2), 
and Robinson (1983). 

For this study, non-calcareous amphibole- and pyroxene-bearing 
rocks from the following metamorphic zones, based on assemblages in 
associated pelitic schists, were examined: 

Sillimanite - Muscovite - Staurolite Zone II 
Sillimanite - Muscovite Zone III 
Sillimanite - Muscovite - K-feldspar Zone IV 
Sillimanite - K-feldspar Zone V 
Sillimanite - K-feldspar - Garnet - Cordierite Zone VI 

For brevity, the Zone nomenclature will be used throughout the rest of 
this paper. For details of the reactions and assemblages defining the 
different metamorphic zones, see Tracy et al. (1976) and Robinson et 
al. (1982b). 

Prograde metamorphic pressure estimates for the region are around 
6 kbar (Tracy et al., 1976; Hollocher, 1981; Robinson et al., 1982b). 
Temperature estimates range from about 6oo0 c in metamorphic Zone II up 
to 730°C in Zone VI. Temperature estimates are based largely on the 
Thompson (1976) Fe/Mg garnet-biotite geothermometer. 

Purpose of Study and Previous Work 

The principal purpose of this study was to characterize amphibole 
dehydration reactions in metamorphic Zones IV through VI in the eastern 
Acadian metamorphic high of central Massachusetts. A preliminary 
report of this study has already been presented (Hollocher, 1984). 
This study is complementary to previous investigations on the petrology 
of mafic rocks in central Massachusetts (Robinson and Jaffe, 1969; 
Robinson et al., 1969 and 1971; Huntington, 1975; Wolff, 1978; Robinson 
and Tracy, 1979; and Schumacher, 1983). These studies concentrated on 
phase relations in metamorphic Zones I (kyanite grade) to Zone V. 
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Figure 25. A) General location map of the study area. B) Explanation 
of symbols for the geologic map (C). C) Geologic map of the study 
area, simplified from Zen (1983), with modifications in the northwest 
after David Elbert (in preparation). Sample locations are shown. 
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The Samples 

About 200 samples were collected during the course of this study, 
and about 170 thin sections were made from about 150 of these samples. 
30 thin sections, constituting 34 distinct prograde metamorphic mineral 
assemblages were selected for electron probe analysis of coexisting 
phases. A list of the sample numbers, along with the number of 
distinct assemblages analyzed in each sample, the metamorphic zone from 
which the samples were taken, and the estimated temperatures of peak 
metamorphism are given in Table 26. The estimated temperatures are 
based on isotherms for central Massachusetts presented by Robinson et 
al. (1982b, Figure 2B), which in turn are based on the Thompson (1976) 
garnet-biotite thermometer applied in pelitic schists. Estimated modes 
for the 30 samples are given in Table 27, and sample descriptions and 
locations are given in Table 28. 

In addition to samples analyzed in this study, a number of 
amphibole-bearing samples from central Massachusetts for which analyses 
are available were also used. These samples are given letter 
designations in Table 26. Estimated modes and plagioclase compositions 
for these samples are given in Table 29, and chemical analyses of 
amphiboles and garnets are given in Table 44, Appendix 5. 

Analytical Techniques 

Thin sections from samples with interesting mineral assemblages 
were polished and examined with both transmitted and reflected light 
microscopes to determine the phases present and their textural 
relationships. Representative and/or unusual areas were chosen for 
analysis and marked. 

The polished samples were carbon-coated, and I performed the 
analyses on the wavelength-dispersive ETEC autoprobe electron 
microprobe at the Department of Geology and Geography, at _the 
University of Massachusetts, Amherst. Operating parameters of the 
electron probe included an incident beam current of 0.02 µa, an 
accelerating potential of 15 kev, and a beam spot diameter of about 2 
µm for garnets and for oxides without exsolution lamellae, and about 20 
µm for other minerals. Multiple analyses of minerals with exsolution 
lamellae were made with the 20 ~m beam spot diameter to integrate the 
host and lamellae compositions. Counting time for standardization and 
analysis was 15 seconds for all element peaks and backgrounds. 
Background counts were taken on both sides of the X-ray peaks on both 
standards and unknowns. Natural and synthetic crystalline standards 
were used. Raw counts were corrected for background and dead time, and 
then corrected using the procedure of Bence and Albee (1968) and the 
correction factors of Albee and Ray (1970). Multiple analyses on 
single spots on feldspar, hornblende, and biotite gave no evidence of 
alkali migration during analysis. 
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Table 26. List of sample numbers and other data for samples analyzed 
in this study (numbers) and other samples (letters) from other studies 
(see Table 43, Appendix 3 for references). See text for details. 

Sample Assemblages Estimated 
number analyzed . temperatures 

Zone II A 1 605oc 
B 1 605 
c 1 625 
D 1 575 
E 1 610 
F 1 610 
G 1 605 
H 1 605 
I 1 615 
J 1 635 
60 1 635 
61 1 605 

Zone III K 1 625 
L 1 630 =zo_n_e_I __ V ___ __,....,M-- 1 - 645 

N 1 675 
62 1 645 
63 1 655 
64 1 655 
65 2 635 
66 2 635 
67 1 675 
68 1 675 
69 1 675 
70 1 675 
71 1 665 ---------Zone V 72 1 680 
73 1 680 
74 2 655 
75 1 670 
76 1 655 
77 1 680 

----- 78 2 685 
Zone VI 79 1 685 

Total This 
Study: 

80 1 695 
81 1 695 
82 1 680 
83 1 710 
84 1 660 ? 
85 1 660 ? 
86 1 700 
87 1 715 
88 1 715 
89 1 715 

30 samples 34 assemblages 
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Table 27. Estimated modes in thin section for rocks analyzed in this 
study. Metamorphic grade for the samples are given in Table 26, along 
with estimated peak metamorphic temperatures. Sample number synonyms 
are given in Table 43, Appendix 3. 

Explanation of abbreviations: 
A Anthophyllite. 
Bio Biotite. 
bq Retrograde biotite-quartz symplectite after K-feldspar. 
Cum Cummingtonite. 
en Mineral occurs in enclaves within garnet only. 
ex Mineral occurs as exsolution lamellae only. 
fe Fe-rich chlorite composition, determined optically. 
G Gedrite. 
Gran Small crystals surrounding larger crystals of the same 

~ineral, suggesting a recrystallized mylonitic texture. 
Hb Hornblende-phyric: large hornblende crystals set in a fine-

grained matrix suggest that hornblende is after a mafic 
phenocryst, such as olivine. 

Hbl Hornblende. 
int Intermediate chlorite composition, determined optically. 
L Exsolution lamellae: 

In plagioclase, more calcic plagioclase. 
In hornblende, cummingtonite. 
In cummingtonite, hornblende. 
In orthoamphibole, another orthoamphibole. 
In augite, pigeonite (inverted?). 
In orthopyroxene, clinopyroxene. 

m Microcline. 
mg Mg-rich chlorite composition, determined optically. 
M Moderate. 
Mylon Mylonitic fabric. 
o Orthoclase. 
Oam Orthoamphibole. 
Pl Plagioclase-phyric: large polycrystalline plagioclase clots 

set in a dark matrix suggest that the clots are 
recrystallized plagioclase phenocrysts. 

R The mineral is of retrograde origin. 
RG Retrograded: the mineral in question is no longer extant, 

but habit and special textures of the retrograde 
products strongly suggests its presence in the prograde 
assemblage. 

S Slight. 
tr Trace, <1% present in the mode. 
W Sulfides largely or entirely weathered away. 



Table 27, continued. 

Footnotes: 
1 Retrograding: a subjective measure of the degree of retrograding. 

Slight means that <1% of the area of the thin section has some 
retrograde minerals or textures, Moderate means that 1-4% of the 
thin section has evidence of retrograding. 
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2 Texture: Gran(ulated) refers to abundant tiny daughter crystals 
mantling the coarser parent crystals, suggesting a partially 
recrystallized mylonitic texture. Mylon(itic) means the rock has a 
somewhat mylonitic fabric. 

3 Phenocrysts: polycrystalline monomineralic plagioclase clots, coarse 
hornblende crystals, or both set in a markedly finer-grained matrix 
suggests a relic phenocrystic texture. 

4 Color codes: Z vibration direction for amphiboles, Z=Y for biotite. 
First letter is Following letters 
color intensity: are color shade: 

C colorless B brown R red 
F faint Bl blue T tan 
P pale G green Y yellow 
L light Gr gray 
M medium 0 olive 
D dark Or orange 
VD very dark P pink 



Zone II Zone IV 1-3 
P' 

Sample 60 61 62 63 64 65a 65b 66a 66b 67 68 69 70 o' 
I-' 

Quartz 41 2 15 5 10 CD 

Plagioclase 43 50 49 40 66 64 42 44 47 14 62 L 38 1\) 

K-felds ar --J .. 
Biotite tr tr tr tr 1 2 3 5 tr 3 1 
Garnet 35 10 

(") 
0 

Sillimanite ::i 
Hornblende 35 L 46 L tr R? 49 L 25 L 2 15 L 85 L 25 L 20 L c+ 

30 L 15 L 1 R? I-'· 
Cummingtonite 20 L 3 L 15 L 20 L 5 L 15 L 15 L 25 L 10 L 20 L ::i 

~ Orthoam2hibole 5 LA 4 LA 3 A 30 LG 50 LAG 1 LG CD 
Clinopyroxene p.. . 
OrthOP)'_E_OXE?_ne , _______ 
Ilmenite 2 tr 1 1 2 2 1 tr tr R 1 L tr tr 1 
Magnetite 2 L 
Spinel 
Ru tile tr tr R tr R tr 1 1 tr R tr 
Zircon tr tr tr tr tr tr tr tr tr tr 
Apatite tr tr tr 3 tr tr tr tr tr tr tr tr tr 
Allanite tr tr tr 
Ho bomite 
Pyrite tr R tr R? 
Pyrrhotite tr? W tr? W tr? W tr tr? W 
Chalcopyrite tr 
Covel lite 
Chlo rite 1 Rmg tr Rmg tr Rmg tr Rmg tr Rmg tr Rmg tr Rfe 
Talc tr R? tr R tr R 
Sericite tr R tr R tr R tr R tr R tr R tr R tr R tr R 
Calcite 
Ser entine 

Retrogradingl M s M s M s s M M s M s M 
Texture2 Mylon. Mylon. Gran. Gran. Gran. Mylon. 
Phenocrysts3 Hb. Hb. Hb. ,Pl. 

Bio. colorli MB MB MOrB MYB MYB LYB LYB MYB MYB MB Or MOrB 
Hbl. color4 MBlG Lr.re MBlG MBlG MOC MBlG IIBlG LG PG MBlG LOG LBG MG 

2V 80°- 85°- 50°- 85°- 60°- 80°- 70°- 80°- 80°- 70°-
disp. r>v r>v r>v r>v r>v r>v r>v r>v r>v r>v 
ZAc 130 16° 16° 19° 18° 18° 17° 16° 16° 14° 

Cum. color PG FG FG PG FG FG FG PG PG POG 
2V 80°+ 80°+ 800+ 80°+ 80°+ 800+ 80°+ 80°+ 80°+ 85°+ 
disp. r<v r>v r<v r<v r<v r<v r<v r<v r<v r<v 
ZAc 18° 180 20° 17° 18° 21° 21° 23° 20° 180 

Oam. color FPT PPB c PPB FPB PPB 
2V 70°+ 70°+ 80°+ 70°+ 80°+ ...... 
disp. r<v r<v r<v r<v r<v .j::. 

N 



Zone IV Zone V Zone VI 1-3 
p.7 

Sample 71 72 73 74a 74b 75 76 77 78a 78b 79 80 81 O" 
I-' 

Quartz 15 20 2 15 2 5 
(l) 

15 tr 
Plagioclase 37 22 44 62 54 54 52 47 70 p 18 46 56 I\.) 

-..J 
K-felds ar tr ex .. 
Biotite 1 tr 2 tr R 5 2 2 7 1 5 bq Q 
Garnet 6 tr 30 3 5 15 p 5 0 
Sillimanite tr ? ~ 

c+ 
Hornblende 35 L 54 L 7 L 2 L 40 L 25 L 15 L 10 L 40 10 f-J• 
Cummingtonite 5 L tr L 5 L 3 L tr R 10 L tr R 1 tr R ~ 

,:::: 
OrthoamEhibole 23 LG 15 LG 30 LG 10 G (l) 

Clinopyroxene 1 L 5 L p.. . 
Orthopyroxene 10 3 15 1 65 7 L 10 L 
Ilmenite 1 1 L 1 L tr 1 1 tr R 1 1 L p L tr R 2 2 
Magnetite tr L 1 L 1 L 2 L p L 
Spinel tr tr p 
Rutile tr R tr 
Zircon tr tr tr tr tr tr tr tr tr tr tr tr 
Apatite tr tr tr tr tr tr tr tr tr tr 1 2 
Allanite tr 
Hogbomite p 
Pyrite tr R tr tr tr R tr R 
Pyrrhotite tr? W tr? W tr tr tr tr? W tr? W 
Chalcopyrite tr tr ex tr ex 
Covellite tr 
Chlo rite tr Rmg tr Rfe 
Talc 
Sericite tr R tr R tr R tr R tr R tr R tr R tr R tr R tr R tr R 
Calcite tr R 
Ser entine 

Retrogradingl s s M s s s M M s s s M s 
Texture2 Mylon. Gran. Gran. 
Phenocrysts3 Pl. 

Bio. colorli MOrB MB MB MOrB MOrB DB MYB LOr MRB DRB 
Hbl. colorli MBG MG MBlOG MBG MBG MOC MBG FB MGB MOC 

2V 60°- 800- 700_ 70°- 70°- 65°- 70°- 85°- 60°- 60°-
disp. r>v r>v r>v r>v r>v r>v r>v r>v r<v r>v 
ZAc 19° 15° 170 16° 16° 12° 11° 19° 12° 20° 

Cum. color FG PG PG c FG FGrB c 
2V 80°+ 80°+ 80°+ 80°+ 
disp. r<v r<v r<v r<v 
ZAc 19° 20° 200 190 

Oam. color MGGrB MPGrB MGrB LPGrB 
2V 75°+ 75°+ 700+ 70°+ f-' 

disp. r<v r<v r<v 
.,,. 

r<v (.N 



Zone VI 
1-:3 
11' 

Sample 82 83 84 85 86 87 88 89 cr' 
I-' 

Quartz 3 15 30 2 20 
(]) 

Plagioclase 29 45 65 73 45 67 61 55 /\) 
-...J 

K-felds12ar RG 3 o 1mi RG tr ex 1 0 -Biotite 2 2 2 bq 2 1 bq 5 bq? 7 bq 15 
0 

Garnet 2 5 2 0 
Sillimanite tr en 1:1 

c+-
Hornblende 5 L 46 15 tr R 5 tr R I-'· 
Cutmtingtonite 3 L tr R tr R tr R tr R 1 R 1:1 s:: 
Orthoa!!!J2hibole 2 G (]) 

Clino\Jyroxene tr L 3 L 15 15 p.. . 
Ortho12:t:roxene 60 7 10 L 5 15 10 5 25 
Ilmenite tr tr 1 tr R tr 1 tr R tr 
Magnetite 
Spine! 
Ru tile 
Zircon tr tr tr tr tr tr 
Apatite tr tr 1 tr 1 tr 1 tr 
Allanite tr 
Ho bomite 
Pyrite tr R tr R? tr R? tr R? tr R 
Pyrrhotite 1 tr? W tr tr 1 tr tr tr 
Chalcopyrite tr tr ex tr ex tr ex tr ex tr ex tr ex 
Covellite 
Chlorite tr Rin tr Rfe tr Rmg tr Rmg 
Talc tr? R 
Seri cite tr R tr R tr R tr R tr R tr R tr R 
Calcite tr R tr R tr R tr R tr R 
Seq;!entine tr? R tr? R tr R 

Retrograding! s M s M s s s M 
Texture2 Gran. Mylon. 
Phenocrysts3 

Bio. color4 DOr MOrB MBOr MRB MRB MOrB DYB MOrB 
Hbl. color 4 LOrB MGB MGB PG MBG MBlG 

2V 80°- 700- 75°- 700-
<lisp. r>v r>v r<v r>v 
ZAc 16° 110 14° 18° 

Cum. color c c c c c c 
2V 
<lisp. 
ZAc 

Oam. color4 LOrB 
2V 700+ ..... 
<lisp. r<v +:-

+:-
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Table 28. Sample descriptions and sample locations of rocks analyzed in 
this study. A regional sample location map is shown in Figure 26, 
and detailed location maps are given in Table 47, Appendix 4. In 
parentheses after each sample number is an abbreviation of the name 
of the 7.5 minute quadrangle from which the sample was collected. 
The abbreviations are as follows: (A) Athol; (MG) Mount Grace; (QR) 
Quabbin Reservoir; (WL) Wales; (W) Ware; (WD) Winsor Dam; (WN) 
Warren. 

60 (WD) Medium-gray, poorly foliated, weakly layered, equigranular 
hornblende-cummingtonite- anthophylllte-plagioclase amphibolite. The 
anthophyllite has blue-green to yellow-green iridescence in hand 
specimen. From 3 m below the high water mark, from the core of a narrow 
isoclinal fold in a large amphibolite body in an inlet on the E side of 
Little Quabbin Island, Quabbin Reservoir. 

61 (QR) Medium- to coarse-grained, moderately foliated, medium-gray, 
homogeneous amphibolite, with coarse hornblende crystals set in a finer 
grained hornblende-plagioclase-cummingtonite matrix. Taken from the S
most of a set of outcrops located about 15 m E and SE of a small pond 
(not shown on maps) which is located at the kink in the stream 300 m SW 
of Hill 1021 on the Prescott Peninsula. 

62 (QR) Medium-grained, moderately foliated, dark-gray, hornblende
anthophyllite-cummingtonite-plagioclase amphibolite with a 1 cm medium 
gray cummingtonite-plagioclase-hornblende layer. From the SE side of a 
prospect pit located 200 m ENE of Hill 699 on the northern end of Mt. 
Zion Island, Quabbin Reservoir. 

63 (QR) Fine-grained, massive, pink garnet-cummingtonite quartzite 
(coticule). Taken from a 1 m thick coticule bed about 1.5 m below the 
high water mark on the SE side of the island N of Parker Island, 
Quabbin Reservoir. 

64 (QR) Medium- to coarse-grained, dark-gray, massive amphibolite with 
coarse hornblende crystals set in a finer-grained hornblende
plagioclase-anthophy lli te-cummingtoni te matrix. Taken from the 1 m 
thick, distinctive amphibolite about 1.5 m below the high water mark, 
just W of and in contact with the 1 m thick coticule bed on the SE side 
of the island north of Parker Island, Quabbin Reservoir. 

65 (QR) Medium-grained, layered rock with medium-gray hornblende
cummingtonite-plagioclase layers and light-gray plagioclase-quartz
cummingtonite-anthophyllite layers. 65a is a hornblende-cummingtonite
bearing contact between a hornblende-rich zone and an anthophyllite
cummingtonite-bearing zone, which is 65b. Taken from below the high 
water mark on the W side of the small island N of the island N of 
Parker Island, Quabbin Reservoir. 

66 (QR) Inhomogeneous medium- to coarse-grained, brownish-gray 
orthoamphibole-hornblende-plagioclase-biotite gneiss. 66a is a 
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hornblende-gedrite assemblage in one part of the thin section, and 66b 
is a pale hornblende, pale gedrite, anthophyllite assemblage in another 
part of the same thin section. Taken from below the high water mark on 
the W side of the small island N of the island N of Parker Island, 
Quabbin Reservoir. 

67 (WD) Coarse-grained, dark-gray hornblende-cummingtonite-plagioclase
bioti te amphibolite with very-coarse-grained cummingtonite-quartz
plagioclase-hornblende pods (partial melts?). From the middle of the 
SE-most of a set of low outcrops about 2 m below the high water mark, 
80 m SSE of the Quabbin Aqueduct inlet. 

68 (WD) Dark-gray, medium-grained, lineated but otherwise massive and 
homogeneous hornblende-plagioclase-gedrite amphibolite. From about 2 m 
below the high water mark, from a very mafic part of the W end of the 
low set of outcrops about 80 m S of the Quabbin Aqueduct inlet. 

69 (QR) Medium-gray, medium- to coarse-grained, somewhat layered 
plagioclase-hornblende-cummingtonite-biotite amphibolite. From a tiny 
outcrop on the 640'contour, on the E side of the W ridge on the S side 
of the island between the baffle dams, Quabbin Reservoir. Little of the 
outcrop remains. 

70 (QR) Medium- to coarse-grained, medium-gray, moderately foliated, 
well lineated hornblende-cummingtonite-plagioclase-quartz-garnet 
amphibolite with coarse-grained leucocratic plagioclase-quartz
cummingtonite pods (partial melts?). From a garnet-bearing part of the 
SW side of an outcrop on the W side of the W summit (not shown on maps) 
on the island between the baffle dams, Quabbin Reservoir. 

71 (QR) Medium-grained, medium-gray hornblende-plagiclase
cummingtonite-garnet amphibolite with pronounced rhythmic graded beds 
about 1 cm thick. From the E side of wave-washed ledges about 2.5 m 
below the high water mark, on the SE corner of Parker Island, Quabbin 
Reservoir. 

72 (P) Coarse-grained, dark-gray, moderately foliated hornblende
gedrite-plagioclase-biotite amphibolite with scattered 3-5 cm spherical 
garnet-plagioclase symplectites. From an outcrop below the high water 
mark, 660 m SSW of benchmark 539 and 830 m WSW of intersection 612 on 
Hell Huddle Rd., Sand E of Pottapaug Hill, NNE Quabbin Reservoir. 

73 (P) 4 cm diameter garnet-plagioclase symplectite lump with 
surrounding amphibolite, from the same sample as 72, above. 

74 (WD) Leucocratic, coarse-grained plagioclase-quartz-orthopyroxene
cummingtonite-hornblende pod (partial melt?) (74a) with surrounding 
hornblende-plagioclase-cummingtonite amphibolite (74b). From the NW 
corner of a low, W-facing outcrop on the 780 1 contour, 270 m NNE 
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of the intersection of three roads on the E end of the Goodnough Dike, 
Quabbin Reservoir. 

75 (WD) Medium- to coarse-grained, medium-gray, massive hornblende
plagioclase-orthopyroxene amphibolite, with light-gray, coarse-grained 
quartz-plagioclase-biotite-orthopyroxene veins and pods (partial 
melts?). From 1 m E of a 20 cm thick gray quartz-andesine pegmatite 
dike on the E part of a SW-facing roadcut on Rt. 9, located 800 m SE 
along Rt. 9 from benchmark 503 in Ware Center (not the center of Ware). 

76 (WD) Medium-grained, dark-gray, massive hornblende-plagioclase
garnet amphibolite with coarse-grained plagioclase-quartz-garnet
cummingtonite-hornblende-biotite pods (partial melts?). From under an 
overhang about 2.5 m above the road in the middle-western part of a S
facing roadcut on Rt. 9, 250 m W of its intersection with Tavern Rd. 
This outcrop is depicted in Robinson et al (1982b, Figure 31). 

77 (WD) Coarse-grained, very inhomogeneous, gray, plagioclase-gedrite
orthopyroxene-garnet-biotite gneiss. A quartz vein is armored by 
orthopyroxene. From the lower E side of a pine-needle-covered outcrop 
on the 710 1 contour just W of a low rise (fences are on the E side of 
the rise) 540 m NE of the intersection of Doane and Walker Rds., 600 m 
S of the intersection of Osborne Rd. and Crescent St, Ware Center (not 
the center of Ware). 

78 (W) Coarse-grained, gray, moderately foliated gedrite-garnet
plagioclase-biotite-orthopyroxene-cummingtonite gneiss. This assemblage 
in the rock matrix is 78a. ?Sb is a set of two magnetite-plagioclase
ilmenite-spinel-hogbomite enclaves within two large garnets. 
Sillimanite (?) occurs totally enclosed within garnet. From an outcro~ 
at the N end of a W-pointing ridge, 370 m NE of benchmark 787, at the 
intersection of Lyman and Greenwich Rds. 

79 (W) Gray-brown, very-coarse-grained, massive, rusty weathering 
orthopyroxene-hornblende-biotite-plagioclase ultramafic rock. From the 
middle of a 2 m thick layer of ultramafic rock on the E side of Tucker 
Rd., 940 m N of its intersection (labeled 916) with Prouty Rd. 

80 (W) Medium-grained, grayish-brown, brown-weathering, massive, rusty
weathering, massive hornblende-plagioclase-orthopyroxene-biotite gneiss 
(outcrop FW-662 of Field, 1975). From the 880 1 contour line at the SW 
end of a low knob, 540 m NE of the intersection (labeled 824) of 
Prendiville, Old Warren, and Coys Hill Rds. 

81 (W) Medium-gray, coarse-grained, massive plagioclase-orthopyroxene
hornblende-clinopyroxene-garnet-biotite-quartz gneiss, with single 
plagioclase crystals up to 1 cm long (relic phenocrysts). From the same 
outcrop as 80, above. 
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82 (W) Massive, dark gray-brown, plagioclase-orthopyroxene-hornblende
biotite gneiss (outcrop FW-307, Field, 1975). From the N end of a N
projecting knobby outcrop 100 m SSE of a knob labeled 855, just E of 
Tucker Rd. 

83 (W) Massive, dark-gray, medium-grained hornblende-plagioclase
orthopyroxene-biotite amphibolite. From the base of an extensive area 
of outcrop on the SE side of a NE-trending hill at the 745' level 1010 
m SW of the intersection (labeled 747) of Leadmine and Vinton Rds. and 
1390 m SE of the intersection (labeled 779) of Vinton and Butterworth 
Rds. 

84 (WL) Medium-grained, layered plagioclase-hornblende-pyroxene-biotite 
gneiss. From about 30 m SE of the contact of orthopyroxene gneisses 
with calc-silicate granulites on the NE facing roadcut on Rt. I-90, 
just E of Alum Pond Rd. 

85 (WL) Medium-grained, layered, plagioclase-quartz-orthopyroxene
bioti te-garnet gneiss. Collected 20 m SE of the contact of 
orthopyroxene gneisses and calc-silicate granulites on the NE-facing 
roadcut on Rt. I-90, just E of Alum Pond Rd. 

86 (WL) Medium- to coarse-grained, brownish-gray, layered to massive 
plagioclase-quartz-orthopyroxene-hornblende-biotite gneiss with coarse
grained leucocratic plagioclase-quartz-orthopyroxene-biotite pods 
(partial melts?). From a S-facing roadcut on the N side of Rt. 20, just 
W of the intersection of Rt. 20 with East Brimfield Rd., in East 
Brimfield. 

87 (WL) Medium-grained, gray, massive, two-pyroxene-plagioclase-biotite 
granulite with coarse-grained, light gray-brown pods bearing the same 
mineralogy (partial melts?). From the middle of the SW-facing part of 
the roadcut at the Send of Holland Rd., where it intersects an exit 
ramp of Rt. I-86. 

88 (WL) Medium- to coarse-grained, massive, orange-weathering, gray 
brown plagioclase-quartz-garnet-orthopyroxene-biotite gneiss, with 
coarse plagioclase-quartz-biotite-orthopyroxene layers and veins 
(partial melts?). From the upper NW part of the SW-facing part of the 
same roadcut as 86, above. 

89 (WL) Medium-grained, dark-gray, massive plagioclase-biotite
orthopyroxene-orthoamphibole granulite with rare garnet. From the NE 
end of the SE-facing part of the roadcut along the exit ramp from Rt. 
I-86 at the Mashapaug Rd., Holland Rd intersection, in Mashapaug. 



Table 29. Modes and plagioclase compositions for samples used but not analyzed in this study. See 
Table 43, Appendix 3 for sources. Plagioclase compositions in molar An% are given in parentheses. tr 
= trace, <1% of the mineral is present in the mode. In the orthoamphibole row, A = anthophyllite, G = 
gedrite. Analyses of amphiboles and garnet from these samples are given in Table 44, Appendix 5. For 
references, see the bottom of Table 43, Appendix 3. 

Sample A B c D E F G H I J K L M N 

Quartz 8 11 12 5 3 20 33 8 10 
Plagioclasel 40(35) 47(22) 40(39) 58(33) 50(40) 39(34) 60(32) 36(78) 20(34) 38 ( 4 7) 3(96) 46 (75) 
Biotite 1 tr 5 tr tr 1 tr tr 3 
Hornblende 39 39 2 23 37 22 1 50 5 45 75 71 12 
Curnrningtonite 3 21 5 3 13 2 13 
Orthoam2hibole2 2 G 40 A 7 A 5 A 18 G 15 A 21 A 25 A 
Garnet 67 45 5 
Ilmenite tr tr 1 1 tr 2 tr tr 1 
Magnetite 3 7 5 7 
Ru tile tr 2 
Pyrrhotite tr 
Zircon tr 
Apatite tr tr tr tr tr tr tr tr tr tr tr 
Monazite tr 
Tourmaline tr 
Allanite tr 
Talc 3 
Chlo rite tr tr 20 

....... 

.i::. 
'-0 



MINERALOGY 

Mineral Descriptions and Analyses 

The minerals occurring in the analyzed samples will be briefly 
discussed, along with pertinent textural or chemical details. 
Discussion will be roughly in order of their occurrence in Table 27. 

150 

Quartz. Quartz occurs as irregular, generally equant grains, 
typically weakly strained. Quartz can occur even in very mafic rocks 
because some amphiboles (some hornblende and gedrite) and biotite are 
so low in silica compared to the bulk composition of most tholeiitic 
mafic rocks. 

Plagioclase. Plagioclase occurs as equant to irregular crystals, 
generally having pronounced albite twinning. In a few samples almost 
all plagioclase is untwinned. A few samples contain plagioclase that 
is zoned, typically with calcic cores having sharp, cuspate boundaries 
against nearly homogeneous rims. These calcic cores are interpreted to 
be igneous in origin or early metamorphic relics. The cuspate core 
boundaries represent the physical limits of feldspar dissolution 
followed by reprecipitation during deformation. The core-rim 
boundaries are typically sharp enough to yield a Becke line, attesting 
to slow diffusion rates in plagioclase. In one sample analyzed by 
electron microprobe (69), the calcic parts of plagioclase crystals are 
somewhat irregularly distributed and have unmixed as parallel lamellae 
of two plagioclase phases. Other samples with unmixed calcic 
plagioclase cores are given in Chapter I, Table 1, for which only bulk 
rock analyses are available. Electron probe analyses of plagioclase 
rim compositions are given in Table JO. The An content of homogeneous 
plagioclase rims ranges from 15.2 to 87.2%, and the Or content ranges 
from only 0.1 to 2%. The celsian component in the few plagioclases 
analyzed for Ba is virtually zero. 

K-feldsyar. Orthoclase (2V=40-50°) and/or microcline (2V=70-80°, 
grid twinned occur in samples 85 and 88 as discrete equant, anhedral 
crystals. In samples 81 and 87 K-feldspar occurs only as large, 
rectangular exsolution lamellae within plagioclase. Samples 81, 84, 
86, 87, and 88 also contain remarkable quartz-biotite symplectites (see 
Figure 44 and discussion, below) which are interpreted to represent the 
retrograde breakdown products of K-feldspar. K-feldspar analyses are 
given in Table JO. K-feldspar compositions are notable in having 
almost zero Ca, but up to 4.9% celsian component, and 6.5 to 10.7% 
albite component. 

Biotite. Biotite generally occurs as thin plates, defining the 
weak foliation typical of these rocks. It is strongly pleochroic, with 
colors in the Z vibration direction ranging from light orange (sample 
79) to brown, red-brown, or orange-brown. Plates are typically 
slightly bent, and have pleochroic halos against zircon, allanite, 
rutile, and rarely apatite. Biotite of probable retrograde origin 
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occurs in two aifferent habits. In sample 75, traces of biotite occur 
along hornblende grain boundaries and are interpreted to be of 
retrograde origin. Striking quartz-biotite symplectites (see Figure 
44) are interpreted to be retrograde products after K-feldspar. 

Chemical analyses of biotite are given in Table 31. The ferric 
iron content of the biotites was estimated by several different ways, 
depending on the associated mineral assemblage. Ferric iron in biotite 
from hornblende-bearing samples was calculated using the same Fe+3/Fet 
ratio as in coexisting hornblende (correction type labeled 1H1 in Table 
31). This similarity of Fe+3/Fet ratios in coexisting biotite and 
hornblende was determined by Shearer (1983, Tables 16 and 18), who 
combined both electron probe analyses and wet chemical FeO analyses of 
mineral separates to yield Fe203 by difference. The Fe+3/Fet ratios 
for biotite and coexisting hornblende were 0.25 and 0.23, respectively, 
for his sample SA100, and 0.30 and 0.31, respectively, for his sample 
SP65-1. 

In hornblende-free samples, the Fe+3/Fet ratio of biotite was 
taken as twice that in coexisting gedrite (labeled 1G1 ), twice the 
ratio in coexisting clinopyroxene (labeled 'C'), or four times the 
ratio in coexisting orthopyroxene (labeled 10 1 ). This was done because 
these are very approximately the Hbl/Ged, Hbl/CPX, and Hbl/OPX Fe+3/Fet 
ratios found in these coexisting pairs. The methods for estimating 
ferric iron in gedrite are given below. For pyroxenes, ferric iron was 
estimated on a basis of four cations and six oxygens per formula unit. 

The biotites analyzed in this study tend to be higher in Na than 
those in pelitic schists, having up to 0.095 Na per formula unit 
compared to less than about 0.07 Na per formula unit in schists from 
Zones II to V (e.g., TracyV 1978; Hollocher, 1981). These biotites 
also tend to have lower Al I compared to those in pelitic schists, 
having about 0 to 0.28 A1IV compared to 0.33 to 0.45 in schists (same 
references). Ti per formula unit generally increases with metamorphic 
grade from about 0.1-0.2 per formula unit in Zones II to IV, to about 
0.2 to 0.3 in Zone VI. In the rocks studied in this project, biotites 
coexisting with K-feldspar have higher A-site occupancies than those in 
K-feldspar-free assemblages (0.884-0.906 compared to generally 0.75 to 
0.87), and higher K/(K+Na) ratios (0.982-0.993 compared to generally 
<0.97). 

Garnet. Garnets are common in the metamorphic rocks of central 
Massachusetts. In contrast to zoned garnets typical in pelitic rocks, 
(e.g., Tracy et al., 1976), most garnets in the amphibolites and 
pyroxene granulites are unzoned within analytical uncertainty. A few 
garnets (samples 70, 71, 78, and 89, Table 32) are slightly zoned, and 
core, intermediate, and rim compositions are given. These garnets are 
composed largely of the almandine component (57-69%), with lesser 
quantities of the pyrope (11-31%), grossular (2-20%), and spessartine 
(2-16%) components. Andradite components were calculated on a basis of 
8 cations and 12 oxygens; however, such "corrections" generally made 



Table JO. Electron probe analyses and structural formulae of 
plagioclase and K-feldspar. For Plagioclase: 

An= 100((3-Si)+(Al-1)+Ca+(1-(Na+K)))/4 
Or= 100(K/(K+Ba+Na+Ca)) 
Cn = 100(Ba/(Ba+K+Na+Ca)) 
Ab = 100-(An+Or+Cn) 

For the K-feldspar components, only Ca, K, Na, and Ba were used. 

Sample 

_n __ 

Si02 
Alz03 
cao 
:ia20 
K20 
Bao 

60 

10 
58.59 
26.65 
8.37 
6. 76 

.06 

61 

9 
48.04 
33.13 
16.23 

2.18 
.02 

62 

10 
62.27 
24.12 

5.15 
8.66 

.05 

Plagioclase 
64 65a 

8 
60.40 
24.66 
6.54 
7.97 

.05 

10 
59.25 
25.64 

7.03 
7.59 

.04 

65b 

6 
60. 96 
24.45 
5.70 
3.44 

.04 

66a 

10 
57.47 
27.09 
8.94 
6.54 

.03 

66b 

10 
58.46 
26.55 
8.29 
6.88 

.04 

67 

12 
58.13 
26.66 
8.49 
6. 77 

.04 

152 

68 

13 
47.01 
34.46 
17.44 
1. 60 

.03 

Total 100.43 99.60 100.25 99.62 99.55 99.59 100.07 100.22 100.09 100.54 

Structural formulae to 8 oxygens 

Si 
Al 
Sum 

Ca 
:;a 
K 
_B_a __ 
Sum 

Total 

,\n 

Ab 
Or 

Sample 

n 
SiOz 
. .\1203 
Cao 
:\azo 
K20 

~ 
Total 

2.606 
1.398 
4.004 

.399 

.583 

.003 

---:985 

4.989 

40.l 
59.6 

. 3 

69 

6 
t;9.68 

32.55 
14.86 

2.97 
.02 

100.08 

2.206 
1. 794 
4.000 

.799 

.197 

.002 

.998 

4.998 

79. 7 
20.1 

• 2 

70 

_1_6 _ 
57.90 
26.91 
8.76 
6.63 

. 07 

100. 2 7 

2. 750 
1.256 
4.006 

.244 

. 742 

.003 

--:989 

4.995 

25.1 
74.6 

. 3 

71 

_ 7_8_ 
58.90 
26.12 

7.55 
7.33 

.06 

99. 96 

Structural For.nulae to 8 oxygens 

Si 
g__ 
Sum 

Ca 
:ia 
K 
!la 
Sum 

Total 

An 
Ab 
Or 

2.262 
l. 74 7 
4.009 

. 725 

.262 

.001 

.988 

4":997 

73.7 
26.2 

.1 

2.578 
1. 416 
3.994 

.419 

.574 

.004 

-:997 

t;:99T 

41. 9 
57. 7 

• 4 

2.629 
-1:..lli. 

4.003 

. 361 

.634 

.003 

.998 

5.001 

36. 7 
63.0 

. 3 

2.697 
1. 298 
3.995 

. 313 

.690 

.003 

1.006 

5.001 

30.5 
69.2 

. 3 

2.652 
1.352 
4.004 

.337 

.659 

.002 

~ 

5.002 

34.4 
65.4 

. 2 

Plagioclase 
72 73 

_1_0 _ 
57.24 
26.88 

8.35 
6.78 

.04 

99.29 

2.578 
1. 428 
4.006 

.403 

.593 

.003 

-:-m 
5.005 

41. 4 
58.3 

• 3 

__ 5 _ 
57.55 
27.36 

8.81 
6.66 

.03 

100.41 

2.566 
1.439 
4.005 

.421 

.576 

.002 

-:-m 
5.004 

42.9 
56.9 

. 2 

2. 717 
1. 285 
4.002 

.272 

. 729 

. 002 

1. 003 

5.005 

27.7 
72.1 

. 2 

74 

_ 1_0_ 
61. 98 
23.78 

5.34 
8.63 

.11 

99.84 

2.752 
1.245 

3.997 

. 254 

. 743 

.006 

1.003 

5.000 

24.7 
74.7 

.6 

2.571 
1. 430 
4.001 

.429 

.567 

.002 

~ 

4.999 

43.0 
56.8 

. 2 

75 

10 
61. 79 
24.27 

5.51 
8.37 

.18 

100.12 

2. 737 
1.267 
4.004 

.261 

.719 

.010 

--:990 

4.994 

26.6 
72.4 
1.0 

2.606 
1. 396 
4.002 

.396 

.595 

. 002 

.993 

4.995 

39.7 
60.1 

. 2 

76 

_1_0_ 
57. 96 
26.81 
8.57 
6. 72 

.06 

100.12 

2.589 
1.413 
4.002 

.410 

.582 

.003 

---:995 

4.997 

41. 2 
58.5 

. 3 

2. 596 
1. 405 
4.001 

.407 

.587 

. 002 

---:9% 

4.997 

40.7 
59.1 

.2 

77 

10 
61.72 

24.04 
5.55 
8.49 

.12 

99.92 

2. 740 
1. 259 
3.999 

. 264 

.732 

.007 

1.003 

5.002 

26.1 
73.2 

. 7 

2.147 
1. 855 
4.002 

.853 

.142 

. 002 

-:997 

4.999 

85.4 
14.4 

.2 

78a 

8 
64.74 
22.28 

3.15 
9.92 

.06 

100.15 

2.847 
1.155 
4.002 

.148 

.846 

.003 

-:997 

4.999 

15.2 
84.5 

. 3 
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Table 30, continued. 

Plagioclase 
Sample 78b 79 80 81 82 83 84 85 86 87 

_n __ 4 9 9 11 5 9 11 9 10 7 
Si02 60.88 46.47 58.09 57.27 55.62 56.27 56.20 59.69 56.03 57,37 
. .\1203 24.89 34.54 26.98 27.48 28.51 28.06 27.61 25.24 28.55 27.15 
Cao 5.87 17. 77 8.54 9.23 10.67 9.63 9.54 6.74 9.93 9.12 
:fa20 8.29 l. 38 6.51 6.41 5.51 6.06 5.88 7.57 5. 78 6.39 
K20 .05 .02 .24 .19 .08 .12 .25 .34 .25 .16 
Bao _.:..91 .01 
Total 99.98 100.18 100.36 100.58 100.39 100.14 99.48 99.59 100.54 100.20 

Structural formulae to 8 oxygens 

Si 2. 702 2.131 2.589 2.554 2. 493 2.523 2.535 2.670 2.504 2.S66 
Al 1. 306 1.868 1. 417 1.446 1. 506 1. 483 1. 469 1. 332 1. sos 1.433 
Sum 4.008 3.999 4.006 4.000 3,999 4.006 4.004 4.002 4.009 3.999 

Ca .279 .874 .408 .441 .512 .463 .462 .323 .476 .437 
:~a . 713 .123 .S63 .5S4 .479 .527 .514 .6S7 . 501 .555 
K .003 .001 .014 .Oll .005 .007 .014 .020 .014 .009 
~ 0 0 
Sum ---:995 -:ggs ----:985 1.006 -:-996 -:m -:990 1.000 --:m 1.001 

Total 5.003 4.997 4.991 S.006 s:Oo5 S.003 4.994 5.002 s.ooo 5.000 

An 29.2 87.2 41. 5 44.2 51.0 47.2 46.7 32.7 49 .1 43.7 
Ab 70.5 12. 7 57.1 54.7 48.5 52.1 Sl. 9 65.3 49. 5 55.5 
Or . 3 .1 1. 4 1.1 . 5 . 7 1. 4 2.0 1.4 . 9 

Plagioclase K-feldspar 
Sample 88 89 85 87 88 

n 12 10 __ 6_ __ 2_ 6 
Si02 61. 39 56.34 63.50 63.07 62.78 
Alz03 24.42 28. ll 18.46 18.98 18.80 
cao 5.45 9, 72 .03 .07 .02 
Nazo 8.33 6.08 . 72 1.15 1. 06 
K20 .21 .05 15.40 13. 93 13. 97 
llaO .05 .61 2.06 2.61 
Total 99.80 100.30 98.72 99.26 99.24 

Structural formulae to 8 oxygens 

Si 2. 728 2.522 2.982 2.958 2.958 
~ 1. 279 1. 483 1.022 1.049 1.044 
Sum 4.007 4.005 4.004 4.007 4.002 

Ca .260 .466 .001 .004 .001 
Na . 718 .528 .065 .105 .097 
K .012 .003 . 923 .833 .840 
Ba .001 .Oll .038 . 048 
Sum --:99o ----:m 1.000 ---:98o ~ 

Total 4.997 5.002 5.004 4. 987 4.988 

An 26.2 47.4 .1 . 4 .1 
Ab 72. 5 52.3 6.5 10.7 9.8 
Or 1. 2 . 3 92.3 85.0 85.2 
Cn .1 1.1 3.9 4.9 



Table 31. Electron probe analyses and structural formulae of biotite. Structural formulae were 
calculated on a basis of 11 oxygens. For details on ferric iron correction types, see text. 

Zone lV Zone V 
Sample 64 65 66 67 68 69 70 71 72 73 76 77 

n l 1 2 6 l 5 4 9 4 5 4 
Si02 38.22 J8.21 '.38.60 ~24 -3Cso 36.fs 36--:-58 38.45 - 37. SS -37--:-25 ~74 
Ti Oz l. 71 1. 86 1. 44 2.43 1. 88 3.36 2. 97 3. 77 2. 98 2.29 3.42 3.66 
Al203 17.32 16.66 16.59 16.62 18.03 17.02 lb.66 16.29 16.86 17.07 15.58 15.47 
Fe203 2.33 3.83 3.90 4.48 2.40 1. 83 2.92 3.35 5.55 3. 41 1. 96 3.60 
FeO 10.09 9. 71 8.64 11 .65 10.85 13. 46 L 7. 13 18. 19 8.80 10.64 17.87 12.h6 
t·h10 .01 .07 .10 .03 .07 . 02 .Oh .04 .03 . 07 .03 .Ol 
NgO 17. 59 16.35 17. 60 14. 4 7 16. 14 I 3. 64 LO. 80 9.98 15. 32 15. ') l LI. 34 14.38 
Cao .09 .06 .04 0 () () 0 0 .02 .03 0 .02 
Na20 .68 .36 .24 4') .38 .43 . 30 .23 . 58 .63 . 21 .33 
K20 7.09 8.71 8. 76 8.22 8.33 7.80 8.65 7.64 8.19 8. ()() 8.96 8.66 
Cl .02 .OJ 
Total 95.15 ---gs:s2 95.97 96. 56 95.-85 95.24 95. 77 96.08 96. 78 95.90 96.62 96. 53 

Si IV Sites 
Si 2. 762 2. 774 2. 786 2. 775 2. 737 2.759 2. 732 2.744 2. 756 2.747 2. 784 2.762 
Al 1.238 1.226 _!..:1.li 1. 225 1.263 1. 241 1.268 1. 256 1. 244 l. 253 1.216 1. 238 
Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 

M VI Sites 
Al .237 .200 .195 .197 . 277 .250 .211 .184 . 180 .207 .156 .096 
Fe+3 .127 .209 .211 .245 .131 .101. .165 .189 .299 .186 .110 .198 
Ti .093 .101 .078 . 133 .102 .186 .168 . 213 .161 .125 .192 .201 
Mg 1.895 1. 769 1.891 1.565 1. 743 1. 496 1. 212 l. 116 l. 637 1. 721 l. 263 1.569 
Fe+2 .610 .590 .521 .707 .657 .828 1. 079 1.141 .527 .646 1. 117 . 775 
Mn .001 .004 .006 .002 .004 .001 ~(?!±_ .002 . 002 .004 . 002 .001 
Sum 2.963 2.873 2.902 2.849 2. 914 2.862 2.839 2.845 --z-: 806 2.889 2.840 2.840 

A Site 
Ca .007 .005 .003 .001 .002 .001 
Na . 095 . 051 . 034 . 059 . 053 . 061 . 044 . 033 . 081 . 089 .030 O' ., 

~ i.-f : 

!S_ ___ .654 .807 .805 _. 761 . 770 ~ -~ • 731 _,]!!2 . 741 .854 -~'.!. 
Sum --:756 -:863 ----:842 .820 .823 . 793 .875 . n:.. . 831 -- .832 .884 .857 

- -7. 719 7. 744 7.669 7. 737 7.665 7.714 7. 721 7. 724 7.697 Total 7. 736 7. 609 7.637 
.001 

II -----
Fc+3/EFe .172 .262 .288 .257 .166 .109 .133 .14~ .362 .224 .090 .203 
Mg/ (Mg+l: Fe) . 720 .689 . 721 .622 .689 .617 .493 .456 .665 .674 .507 .617 
Hg/(Mg+Fe+2) . 756 .750 . 784 .689 . 726 .644 .529 .494 . 756 . 727 .531 .669 I-' 

K/(K+Na) .873 . 941 .959 .928 .936 . 923 .950 .957 .902 .893 .966 .945 (.11 ..,.. 



t-3 
Pl 
O" 
I-' 

Zone V Zone VI CD 

Sample 78 79 80 81 82 83 84 85 86 87 88 89 w 
-' 

n 3 11 __ 3_ 3 4 4 4 6 4 4 8 9 
Si02 37.84 41. 90 36.01 35.55 39.02 37.23 37.82 36.41 36.33 36.36 37.48 38.17 Q 
Ti02 3.53 3.00 4.12 5.29 3.85 5.91 5.27 3. 71 4.33 4.83 4.30 3.22 0 

Al203 16.11 14.73 15.19 13.96 15.95 14.61 14.63 15.15 15.18 14.47 15.69 16.86 :::! 
c+ 

Fe203 3.69 1.18 3.13 2.89 1. 26 3.16 2.48 2.17 5.32 2.79 2.34 3.51 I-'• 
:::! FeO 9.75 5.99 19.36 21. 97 10.28 12.86 14.20 19.47 14.14 15.58 14. 72 11. 21 i:! 

MnO .01 0 .10 .11 . 05 .07 .08 .14 .04 .05 .04 .06 CD 

MgO 15.75 20.43 9.52 7.87 16.75 13.56 12. 94 10.37 12.30 11.89 12.93 14. 92 
p.. . 

Cao . 03 . 02 .04 .01 .02 0 0 0 0 .OS 0 .01 
Na20 .54 . 32 .13 .08 .40 .10 .06 .04 .09 .06 .11 .43 
K20 8.31 8.47 8.76 9.02 8.61 9.05 9.43 9.19 9.20 9.26 9.32 7.85 
Cl . 31 ~ 
Total 95.56 96.04 96.67 96.75 96.14 96. 57 96. 91 96.65 96.93 95.35 96.93 96.24 

Si IV Site 
Si 2. 754 2.938 2.735 2. 734 2.807 2.737 2.782 2. 755 2.697 2.749 2.758 2.761 
Al 1.246 1.062 1.265 1.266 1.193 1. 263 1.218 1. 245 1.303 1. 251 1.242 1. 239 
Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 

M VI Sites 
Al .136 .155 .095 .159 .003 .050 .106 .025 .038 .119 .199 
Fe+3 .202 .158 .179 .167 .068 .175 .137 .123 .297 .159 .129 .191 
Ti .193 . 062 .235 .306 .208 . 327 .292 .211 .242 .275 .238 .175 
Mg 1. 709 2.135 1.078 .902 1. 796 1. 486 1. 419 1.169 1. 361 1.339 1.418 1.609 
Fe+2 .593 . 351 1.230 1.413 .615 . 790 .874 1.232 .878 .985 .906 .678 
Mn .001 ___,_QQ£ __,_QQL _,_QQI .004 .005 .009 ~ ___,_QQ2 ~ .004 
Sum 2.834 2.861 2.823 2.795 2.849 2.785 Tm 2.850 2.805 2.799 2.812 2.856 

A Site 
Ca .002 .001 .003 .001 .001 .004 .001 
Na .076 .043 .019 .012 .056 .014 .008 .006 .013 .009 .016 .060 
K • 772 ~ ~ .885 ~ ~ .885 ~ ~ .893 .875 ~ 
~ ---:850 .802 .871 . 898 . 847 .863 .893 .893 .884 . 906 .891 .785 

Total 7.684 7.663 7.694 7.693 7. 696 7.648 7.670 7,743 7.689 7.705 7. 703 7.641 
Cl .040 .003 

Correction tyl:'e G H H l1 H H H 0 H co 0 G 

Fe+3/l:Fe .254 .150 .127 .106 .100 .181 .136 .091 .253 .139 .125 .220 
Mg/ (Mg+EFe) .683 .838 .433 .363 . 724 . 606 • 58Li .463 .537 .539 .578 .649 
Mg/(Hg+Fe+2) .742 .859 .467 .390 .745 .653 .619 .487 .608 .576 .610 .704 
K/(K+Na) .910 . 946 .978 .987 . 934 . 984 . 99.1 . 993 .985 .990 .982 .923 I--' 

(J1 
(J1 



Table 32. Electron probe analyses of garnets. 

S.1mpl e 

:\t"L!a 

ll --- _, ____ , - - . 
s ill2 
Al203 
FeO 

~~lll 

~lgll 

Cail To Gil ____ _ 

63 

20. 96 
.!.7. 65 

7.06 
3.83 
3.26 

99.99 

cort..: 
4 

38.03 
21. 24 
31. 83 

I. 16 
3. 9() 
4.69 

100.85 

SLrucLural formul1w tu 12 oxygens 

70 

i l\ t. 
6 

-38-:C9 
21. 37 
31. 34 
I. I l 
4. 16 
4. 71 

100.88 

rim 
8 

]8.02 
21. 31 
31. 31 

I. 30 
3.99 
4.68 

100:61 

-----·-- ---------
Si 

Al 

Fe+2 

Mn 
Mg 
Ca 

Sum 

Total 

~lg I (Mg+Fe) 
Mg/ (Mg+Fe+Mn) 

Alman<line 
Spessartine 
Py rope 
Grossular 

2.982 

J. 979 

1.852 
.479 
.457 

__,-1.§_Q 
3.068 

8.029 

~ 
.164 

60.4 
15.6 
14.9 

-~ 

3. 001 

1. 976 

2. 101 
.078 
.459 

_:]_2J_ 
3. 035 

8.012 

.179 

.174 

69.2 
2.6 

15.1 
13.l 

78il 

004 

l. 981 

2.062 
. 074 
.488 

_:]_2J_ 
3.021 

8.006 

.191 

.186 

68.3 
2.4 

16.2 
13.1 

Sample - ----- - - ---- --- -·- - - -- - - -
,\re<.1 CUl"L' 

ll 3 
s-TiG- ----- --38.53 
Al 202 21. 54 
FeU 30. 40 
cln!l l. 95 
clgO 7. 66 

.86 
100. 91, 

int. 
2 

38.55 
21. 63 
30.55 

2 .01 
7. l.5 

. __ _:. 93 
100.92 

rim 
5 

-38._5_4 

21. 70 
29.35 

l. 60 
8. l 7 
1.01 

100. 37 

SLructuraL formulat..! tu 12 oxygens 

Si 

Al 

Fe+2 

Mn 
Mg 
Ca __ 

--~~ 

Mg/(Mg+Fe) 
Mg/ (MgH'e+Mn) 

Alman dine 
Spessartlne 
Py rope 
Grossular 

2.-991---2.-996-·T.-991 

1. 971 

1. 974 
.128 
.886 

___,_QZl 
3.059 

l. 981 

1.986 
.132 
.840 

- .077 
3.035 

8.021 8.012 

.310 

.297 

64.5 
4.2 

29.0 
2.3 

.297 

.284 

65.4 
4.3 

27.7 
2.5 

l. 985 

1. 905 
.105 
.945 
~ 

3.039 

8.015 

. 332 

.320 

62.7 
3.5 

31.1 
2.8 

3. 002 

1. 983 

2.068 
.087 
.470 
~ 

3.021 

8.006 

. l 85 

.179 

68.5 
2.6 

15.6 
13.1 

7Hh 

r, 
]8.22 
21 . 4 7 
29.85 
I. 84 
7.26 

.J.,_1!J_ 
100. I 3 

·z-:9·91 

1.980 

l. 954 
. 122 
.847 

- .125 
3.048 

8.019 

. 302 

.290 

64.1 
4.0 

27. 8 
4.1 

7 l 
-~--"----~-

cure 
2 

37.82 
21.52 
30.95 
I. 77 
4.10 
4.75 

JOO. 91 

2. 

1. 999 

2.040 
. ll8 
.482 
.401 

3.041 

8.020 

.191 

.183 

67.1 
3.9 

15.9 
13.2 

81 

12 
--37.fj 

20.96 
29.85 
]. 72 
2.76 

_ _ _7. 28 
l OU. 30 

3.001 

l. 965 

l. 986 
.116 
.327 

_ __,_gQ_ 
3.049 

ill L. 

21. 38 
30.84 
I. 51 
4.55 
4.21 

100.7} 

1.981 

2. 028 
.100 
.533 

-~ 
3.016 

8.003 

.208 

. 200 

67.2 
3.3 

17. 7 
11. 8 

85 

9 
37.80 
21. 14 
JO. 75 
3.47 
4.35 
2.64 

100. 15 

3.005 

1. 981 

2. 044 
. 234 
.515 

~ 
3.018 

rim 

2 I. 21 
31. 53 
I. 25 
3.80 
4.75 

100.58 

1. 977 

2.085 
.084 
.448 

. . 402 
3.019 

8.004 

.177 

.171 

69. l 
2.8 

14.8 
13. 3 

88 

1 3 
38.11, 
21. 91 
J l. 13 

J .11. 
6. 79 
I. 71 

100.82 

2.013 

2.029 
. 075 
.789 
. l 43 

3.036 

73 

6 
-J·a.-90 
21. 51 
26.98 
2.22 
7.60 
3.35 

100. 56 

008 

1. 960 

1.745 
. 145 
.876 

_.277 
3.043 

8.011 

. 317 

57.3 
4.8 

28.8 
___H 

cnrc 

2]. 59 
29.03 

1. 09 
6.38 
4.29 

100. 77 

1. 979 

1. 889 
.072 
. 740 

~ 
3.059 

8.015 

-:J:41 
.135 

8.004 -8.022 8.024 

65.1 
3.8 

10.7 
-1.Q.,_]_ 

.201 

.184 

67. 7 
7.8 

17.1 
7. 5 

.280 

.273 

66.8 
2.5 

26.0 

~ 

.274 

61. 8 
2.4 

24.2 
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76 2]__ 

21. 36 
30.20 

J. 69 
4.26 
5.11 

100. 80 

1. 979 

1. 986 
.112 
.499 
.430 

3.027 

8.008 

.201 

.192 

65.6 
3. 7 

16.5 
14.2 

__ l!2_ __ _ 

i Jl t. 

21. 48 
29.54 

I. 33 
5.54 

1. 974 

1. 926 
.088 
.647 

__,]Jg 
3.043 

21. 47 
29.16 
1. 55 
6.52 
3. 43 

100.82 

1.966 

1 895 
.102 
.755 
~ 

3.037 

8.009 

~ 
.274 

62.4 
3.4 

24.9 
~ 

rim 

21.49 
29.24 
]. 01 
5.88 

1. 979 

l. 911 
.067 
.685 

___,_mi_ 
3.041 

8.015 8.015 

.243 

63.3 
2.9 

21. 3 

.257 

62.8 
2.2 

22.5 
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the structural formulae appear worse, so only formulae in which all 
iron is ferrous are given. The calculated andradite components ranged 
from near zero to about five percent. Phase relations and reactions 
would not be changed significantly with such low calculated andradite 
contents. 

Sillimanite. Relict sillimanite occurs only as inclusions within 
garnet in gedrite-bearing, quartz-free samples. In sample 78, a 
gedrite-orthopyroxene-cummingtonite gneiss, sillimanite (?) occurs as 
tiny ovoid inclusions in and around hogbomite- and spinel-bearing 
aluminous enclaves in the cores of large garnets. In sample 89, an 
orthopyroxene-biotite-gedrite-plagioclase granulite from Zone VI, 
sillimanite occurs as fibrous to prismatic crystals, apparently wholly 
enclosed within garnet. 

Note on amphibole structural formulae and ferric iron. Because 
Fe+3 and Fe+2 cannot be distinguished by the electron probe, the 
quantity of ferric iron present in the amphiboles must be estimated on 
crystal chemical or other grounds. For a detailed discussion of the 
chemical and crystal chemical limits which can be used to estimate 
ferric iron contents in amphiboles based on electron probe analyses, 
see Robinson et al. (1982c, p. 6-9). The methods of estimating ferric 
iron in amphiboles presented here do not contradict any amphibole 
chemical or crystal chemical limits, and are described in detail below. 
The amphibole structural formulae given in Tables 33, 34, and 35 
strictly adhere to the structural site assignment rules presented by 
Robinson et al. (1982c, p. 4 and 5). 

Hornblende. Hornblende occurs as elongate to stubby crystals 
ranging in color in thin section from faint brown (sample 79) to olive 
green, blue-green, and brown (Z vibration direction). Hornblende in 
equilibrium with cummingtonite invariably has cummingtonite exsolution 
lamellae (see Robinson et al., 1971a for a discussion). Hornblendes in 
cummingtonite-free assemblages also commonly have cummingtonite 
exsolution lamellae. 

Faint color zoning occurs in hornblendes in some samples, either 
from core to rim or in patches. Hornblende cores or interior patches 
tend to be slightly browner and rims slightly greener. Chemical 
analyses of hornblendes are given in Table 33. The prograde analyses 
represent core analyses only, if the hornblende appeared to be zoned. 
In some samples, very thin rims on hornblende or tiny hornblende 
crystals surrounding larger grains are greenish-blue or blue-green. 
The compositions of the blue-green hornblendes are considered to be 
retrograde in origin, and analyses are given at the end of Table 33. 
Retrograde hornblende from sample 87 is after pyroxene arid is light 
green. 

Ferric iron was estimated several different ways for different 
samples, because no one calculation scheme worked for all. The method 
used for each analysis is given in the space labeled 11 Correction type" 



Table 33. Electron probe analyses of hornblendes, with structural formulae on a basis of 23 OX'Jgens 
with several different methods of estimating ferric iron contents. See text for details. 

Zone II Zone lV Zone V 

Sample 60 61 62 64 65a 66a 66b 67 68 69 70 71 72 

11 12 18 10 10 19 9 5 15 11 14 10 9 25 
Si02 44. 77 46.37 46.03 45.89 46.20 45.79 44.46 ~29 43.83 46.18 44.46 45.27 43.51 
Ti02 .79 .69 .96 .99 .78 .88 .87 . 77 1.11 1.09 1.15 .99 1.10 
Al203 12.80 12.30 10.88 11. 50 10.50 13.57 14.16 12.51 14.64 11.44 11. 74 10. 74 12. 77 
Fe203 3.54 2.93 4.43 2.68 4.28 2.88 3.98 4.89 2. 51 1.67 3.05 2.86 6.44 
FeO 12.75 9.19 9.64 11.64 10.88 8.09 7 .11 12.72 l l. 35 12.29 16.48 15.57 10.19 
MnO .17 .17 .27 .37 • 32 .32 .31 .14 .24 .23 .11 .12 • 32 
MgO 12.03 13. 74 13. 90 13.39 13.38 14. 25 13.76 11.43 12.31 13.02 9.69 10.27 12.67 
Cao 9.93 10.81 10.00 9.07 9.88 10.33 10.59 9.51 9.91 10.16 9.57 10.11 9.12 
Na20 1.56 1.47 2.16 1. 91 1.55 2.09 2.25 1. 26 1. 95 1. 39 1. 36 l.43 2.11 
K2o .23 .16 .16 .21 .24 .14 .14 .25 .26 .21 . 39 .41 .24 
Cl .01 .01 
Total 98.57 97 .83 98.44 97.65 98.01 98.34 97.63 9'iT7 98.11 . 97. 68 98.00 97. 77 98.47 

Si IV Sites 
Si 6.501 6.655 6.631 6.666 6.703 6.516 6.387 6.499 6.350 6. 707 6.598 6. 711 6.327 
Al 1.499 1. 345 1. 369 1. 334 1.297 1.484 1.613 1. 501 1.650 1. 293 1.402 _l. 289 1.673 
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

M 1, 2, 3 Sites 
Al .692 .736 .478 .634 .498 .792 .784 .662 .850 .665 .652 .588 .516 
Fe+3 .387 . 317 .480 .293 .468 .309 .430 .540 .274 .183 .341 .319 .705 
Ti .086 .074 .104 .108 .085 .094 .094 .085 .121 .119 .128 .110 .120 
Mg 2.604 2.940 2.984 2.899 2.893 3.022 2.946 2.500 2.658 2.819 2.143 2.269 2.746 
Fe+2 1.231 .933 • 954 1.066 1.056 .783 . 746 l.213 1.097 1.214 1. 736 1. 714 .913 
Sum 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

M4 Site 
---Fe+2 .317 .170 .207 . 348 .264 .180 .109 • 348 .278 .279 .309 .215 .327 

Mn .021 .021 .033 . 046 .039 .039 .038 .018 .029 .028 .014 .015 .039 
Ca 1.545 1.662 1. 544 1.412 1.536 1. 575 1.631 1. 495 l. 538 1.581 1. 522 1.606 1.421 
Na .117 ~ . 216 .194 _:..!ll .206 .222 .139 .155 ___,..!J1. .155 .164 .213 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

A Site 
Na . 322 .262 .388 .344 .275 . 371 .405 .220 .393 .279 .236 .247 .382 
K .043 .029 .030 .039 .045 .026 .026 ~ ~ ~ __,_QZl .077 .044 
Sum --:365 --:-291 -----:418 -:3ii3 ---:-320 ----:-397 --:431 .266 .441 .318 .309 ----:-324 ~ 

Total 15.365 15.291 15.418 15.383 15.320 15.397 15.431 15.266 15.441 15.318 15.309 15.324 15.426 
Cl .002 .002 

Correction ti::Ee o. 20 A A A A A A A 0.17 0.11 A A A 

Fe+3/EFe .200 .223 .293 .172 .262 . 243 .335 .257 • 166 .109 .133 .142 . 362 
Mg/ (Mg+EFe) .574 .674 . 645 .631 .618 .704 .696 . 543 .617 .627 .476 .502 .585 
Mg/(Mg+Fe+2) .627 • 727 . 720 . 672 .687 .758 . 775 . 616 .659 .654 .512 .540 .689 
Mg/(Mg+Fe+2+Mn) .624 • 723 . 714 .665 .680 .751 . 767 .613 .654 .650 .510 .539 .682 

,_. 
tn 

Ca/(Ca+Na) . 779 .803 . 719 . 724 . 779 .732 . 722 .806 .737 . 802 . 796 . 796 .705 00 

Ca/(Ca+Na+K) • 762 .791 .709 . 710 .762 .723 • 714 .787 . 721 .786 .766 .767 .690 



t-3 
Zone V Zone VI ID 

cr' 
Sample 73 74a 74b 75 76 79 80 81 82 83 84 86 ...... 

(!) 

n 10 6 6 10 15 30 10 17 8 10 10 20 
\JJ Si02 43.84 42. 96 44.63 45.97 45.65 54.02 43.24 42.03 49. 27 44.20 46.49 43.87 \JJ 

Ti02 . 1.07 .89 1.12 1. 34 1.17 .40 1. 95 1.87 1. 33 2.24 1. 94 1. 51 
Al203 13.00 ll.63 9.58 8.84 10.55 5.41 11.07 11. 50 8.65 11.53 9.06 10.81 

Q 
Fe203 4.19 5.98 4.63 4.19 1. 74 .93 2.63 2.50 1.12 2.65 2.11 4.57 0 
FeO 11. 69 16.22 17.91 13.24 15. 85 4.67 16.32 18.89 9.10 10.75 12.11 12.16 l:l 
MnO .30 .38 .47 .45 .20 .12 .25 .18 .22 .23 .25 .51 c+ 

I-'· 
MgO 12. 01 8.45 9.64 11.84 9.97 20.05 8. 72 6.99 15.78 12.46 12.51 11.18 l:l 
Cao 9.22 9.69 8.37 10.34 10.69 11.83 11.01 11.07 10.48 11.45 11.29 11.49 ~ 
Na20 2.10 1. 97 1. 71 1. 77 1. 41 .SJ 1.47 1.44 1.20 1. 76 1.28 1.29 

(!) 
p., 

K20 .25 .42 .30 .34 .55 .16 1.24 1.41 .31 .99 .84 .98 . 
Cl .01 ___,.Q!. __ o_ .20 .01 
Total 97.67 98.60 98. 37 98.32 97.78 98.12 98.10 97.88 97.46 98.27 97.88 98.37 

Si IV Sites 
Si 6.422 6.432 6.679 6.759 6.768 7.465 6.508 6.421 7.038 6.454 6.803 6.479 
Al 1. 578 1. 568 1.321 1. 241 1.232 .535 1. 492 1.579 .962 1. 546 1.197 1.521 
Sum 8.000 8.000 8.000 8.ooo 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

M 1 1 2 1 3 Sites 
Al .666 .484 . 369 . 291 .661 . 346 .471 .492 .494 .438 .366 . 361 
Fe+3 .461 . 674 .552 .464 .194 . 096 .298 .287 .120 . 291 .233 .508 
Ti .118 .100 .127 .148 .130 .042 .221 .215 .143 .246 . 214 .168 
Mg 2.622 1. 886 2.150 2.594 2.204 4.130 1. 956 1.592 3.360 2. 712 2. 729 2.461 
Fe+2 1.133 1. 856 1.802 1. 503 1. 811 .386 2.054 2.414 __JgU 1. 313 1.458 1. 502 
Sum 5.000 5.000 s.ooo 5.000 5.000 5.000 5.000 s.ooo 5.000 5.000 5.000 5.000 

M4 Site 
---Fe+2 .299 .175 .439 .125 .155 .153 .204 .024 

Mn • 038 .048 .059 .056 . 025 .014 . 032 .023 .027 . 029 .031 .063 
Ca 1.447 1.555 l. 343 1.629 ] . 698 1. 751 1. 775 1. 812 1. 604 1.791 1. 770 1. 818 
Na .216 .222 .159 .190 .122 .082 .193 ~ .165 .180 .175 .119 
Sum 2.000 2.000 2.000 2.000 2. 000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

A Site 
Na • 381 .349 .337 .315 .283 .060 .236 .261 .167 .318 .188 .250 
K . 046 .080 . 057 . 063 _,lQl • 028 . 238 __:I!2 .057 ~ .157 .185 
Sum -:427 ---:429 -:364 -:378 .336 --:ass -:474 .536 ~ .503 --:345 -:-ill 

Total 15.427 15.429 J 5. 364 15.378 15.336 15.088 15.474 15.536 15.224 15.503 15.345 15.435 

Fe+3/EFe .244 .249 189 .222 .090 .151 .127 .106 .099 .181 .136 .253 
Mg/ (Mg+EFe) .581 .411 .438 554 .505 .867 .454 . 371 . 736 .628 .614 .550 
Mg/(Mg+Fe+2) .647 .481 .490 .614 .529 .885 .488 . 397 . 756 • 674 .648 .621 
Mg/ (Mg+Fe+2+Mn) .641 .476 .483 .606 .525 .882 .484 .395 . 751 .669 .643 .611 
Ca/(Ca+Na) . 708 • 731 .730 . 763 .807 . 925 .805 .810 .829 .782 .831 .831 
Ca/(Ca+Na+K) .692 .705 . 708 . 741 .. 770 . 912 . 727 . 72 .sos • 724 . 773 . 766 f-' 

u-i 
'D 



1-'3 
Retrosrade I» 

O" 
Sample 63 65b 67 69 70 75 87 f-1 

(I) 

n 2 3 4 3 3 1 1 
s102 43.71 44.04 42.33 45.98 42.14 41. 86 47.68 w 

w 
Ti02 .45 .24 .25 • 36 .41 .19 .46 
Al203 13.58 14.22 15.31 13.38 15.28 12.44 8.90 
Fe203 4.62 5.25 5. 95 2.44 3. 72 6.97 2.96 (') 

0 
FeO 13.03 9.68 11. 96 11. 33 15.11 11.86 12. 71 ::s 
MnO .56 .25 .11 .19 .06 • 56 .17 c+ 

I-'· MgO 10.55 11.46 9. 35 11.99 7.91 9.43 12.32 s cao 9.40 11.04 10.84 10.98 10.50 .10.47 11. 23 
Na20 1.89 1. 94 1.65 1.59 1.67 2.16 .70 (I) 

p.. 
K20 .22 .26 .31 .19 .42 .53 .37 . 
Cl . 02 0 
Total 98.03 98.39 98.06 98.43 97.22 96.47 97.50 

Si IV Sites 
Si 6.426 6.379 6.230 6.616 6.305 6.335 6.975 
Al 1. 574 1. 621 1. 770 1. 384 1. 695 1.665 1.025 
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

M 1, 2, 3 Sites 
Al .779 .806 .886 .885 .999 .554 .510 
Fe+3 • 512 .573 .659 .265 .419 .794 .326 
Ti . 049 .026 .027 .039 .045 .022 .051 
Mg 2.312 2.474 2.051 2. 571 1. 764 2.128 2.687 
Fe+2 1. 348 1.121 1. 377 1. 240 1. 773 1. 502 1.426 
Sum 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

M4 Site 
---Fe+2 .254 .052 .095 .123 .118 .129 

Mn .069 .031 .014 .023 .008 .072 .021 
Ca 1.480 1. 713 1. 709 1. 692 1.683 1.698 1. 760 
Na .197 .204 .182 .162 .191 .230 .090 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

A Site 
Na .342 .341 .289 .281 . 293 .404 .109 
K .042 ~ .058 .035 .080 .102 __,_Q1Q 
Sum --:384 .389 ---:347 ~ -:ill -----:506 .179 

Total 15.384 15.389 15. 347 15.316 15.373 15.506 15.179 
Cl .004 

Correction ty[!e A A A A A 13 Cat A 

Fe+3 /EFe .242 • 328 . 308 .163 .181 . 346 .173 
Mg/ (Mg+EFe) .522 .586 .490 .612 .433 .481 .588 
Mg/(Mg+Fe+2) .591 .678 . 582 .654 .483 .586 .633 
Mg/(Mg+Fe+2+Mn) .580 . 673 . 580 .650 .482 .575 .630 
Ca/(Ca+Na) . 733 .758 . 784 .793 • 777 . 728 .898 
Ca/(Ca+Na+K) . 718 .743 . 764 . 780 . 749 .698 . 867 f--' 

°' 0 
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in Table 33. The ferric iron estimation methods for hornblende are as 
follows: 

11 0.20 11 etc. (samples 60, 68, 69, and 79). The cited number indicates 
the value of Fe+3/Fet estimated on the following basis. Bulk 
chemical analyses of these rocks are available (Chapters I and II), 
and hornblende is the dominant mafic mineral. Estimates were made 
for the ferric and ferrous iron contents of other coexisting mafic 
minerals, and the hornblende Fe+3/Fet ratio was calculated using the 
estimated modes in Table 2, estimated mineral densities, and the 
whole rock analysis. 

A A constant ratio of (Na+K)A/(Na+K)t = 0.66 was assumed. This is the 
average ratio for wet-chemically analyzed metamorphic hornblende 
from samples N30X, 6A9X, 7E8BX, and 7A8BX, from Robinson and Jaffe 
( 1969). 

(0.1) (sample 82). All iron as ferrous formula yielded an 
(Na+K)A/(Na+K)t ratio <0.66, so a Fe+3/Fet of 0.1 was assumed. 

13 cat. Assuming a ratio of (Na+K)A/(Na+K)t = 0.66 put Ca into the 
M(1,2,3) sites, violating a crystal chemical limit. Therefore, a 
not-quite maximum ferric iron correction was applied such that all 
cations excluding Mn, Ca, Na, and K totaled 13 (13eMnCNK). 

Cummingtonite. In hand specimen, cummingtonite occurs as greenish 
gray, gray, or dark gray crystals, in contrast to generally black 
hornblende. In thin section, cummingtonite appears as blocky to 
prismatic crystals, generally similar to those of coexisting 
hornblende, but in samples 74a and 82 prograde cummingtonite is 
polysynthetically twinned. Cummingtonite typically contains abundant 
hornblende exsolution lamellae, which take up an apparently smaller 
volume of the host grain than cummingtonite lamellae in coexisting 
hornblende. The cummingtonite host is colorless to faint green, 
whereas hornblende lamellae are similar in color to discrete hornblende 
crystals. In some rocks, cummingtonite is partly altered to chlorite 
(e.g., 61). Cummingtonite of retrograde origin tends to occur as 
small, bladed crystals with abundant polysynthetic twinning that are 
generally associated with orthopyroxene. No hornblende exsolution 
lamellae were seen in cummingtonite that texturally appeared to be of 
retrograde origin. 

Because of the nature of cummingtonite chemical compositions, 
there is generally very little difference between the maximum and 
minimum ferric iron corrections. The minimum ferric iron correction is 
either none at all, or a 15 cation correction exclusive of Na and K 
(15eNK). The maximum correction is usually a 15 cation correction 
exclusive of K (15eK). The correction procedures used in Table 34 are 
as follows: 

B An average of the minimum 15eNK and the maximum 15eK corrections. 
C An average of the minimum of no correction and the maximum 15eK 

correction. 



Table 34. Electron probe analyses of cummingtonites, with structural formulae on a basis of 23 
oxygens with two different methods of estimating ferric iron contents. See text for details. 

Zone II Zone IV Zone V 
Sample 60 61 62 63 64 65a 65b 67 69 70 71 72 74a 

n _1_3_ 14 10 _lQ_ 10 10 11 _1_0 _ _ 1_1 _ __ 5_ 7 __ 6_ 
Si02 52.87 55.24 53. 56 52.00 D.41 53.84 54.50 54 53.46 51.47 52.46 52.82 51.24 
Ti02 .19 .08 .17 .23 .23 .10 .08 .18 .18 .29 .13 .27 .14 
Al203 3.02 1.17 2.07 2.93 3.20 1. 71 1. 27 3.46 2.22 3.06 1. 71 3.01 1. 94 
Fe203 2.21 .38 2. 75 2.14 1.01 1. 94 .80 1. 88 1. 54 1.26 1. 77 1.87 2.30 
FeO 19.10 19.49 16.37 20.37 17.87 18. 62 19.27 20.92 19.66 24.90 24.74 18.46 26.09 
MnO .37 .44 .62 1.44 . 71 .74 .80 . 31 .46 .30 .27 .53 .78 
MgO 18.63 20.55 20.34 16.82 18. 77 19.60 19.93 17.52 18.84 14.14 15.44 18.92 13.80 
Cao 1.61 .81 1. 70 1. 60 1.83 1. 26 .91 1.42 1.44 2.07 1.60 1.59 1.25 
;<azO .33 .10 .38 .45 .49 .24 .16 .38 .25 .40 .15 .33 . 34 
K20 .02 0 .02 .12 .02 .02 .02 .01 .02 .03 .02 .02 .03 
Cl 0 .01 0 .01 .01 
Total 98.35 98.26 97.98 98.17 97.54 98.04 97.74 98.62 98.07 97.92 98.30 97.82 97.92 

Si IV Site 
~ 7.601 7.874 7.657 7 .591 7 .681 7. 738 7.839 7.583 7.706 7.638 7.737 7 .612 7.680 

Al .399 .126 .343 .409 .319 .262 ____,_!,§J_ -.:..ill. .294 • 362 .263 ~ . 320 
Sum 8.000 8.000 8.000 8.000 8.000 8.ooo 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

H 1 2 2 1 3 Sites 
Al .113 .071 .006 .095 .223 .028 .054 .172 .083 .173 .034 .123 .023 
Fe+3 .239 .041 .296 .235 .109 .210 .086 .204 .167 .141 .196 .203 .259 
Ti .021 .008 .018 • 025 .025 .011 .009 .020 .020 .032 .014 .029 .016 
Hg 3.992 4. 366 4. 334 3.660 4.023 4.199 4.273 3.769 4.048 3.128 3.394 4.064 3.083 
Fe+2 .635 .514 . 346 .985 .620 • 552 __,21.!! ____:Jill_ .682 1.526 1. 362 .581 1.619 
Sum J.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

M4 Site 
---Fe+2 1.662 1.809 1.611 1.502 1.529 1.686 1. 740 1.690 1.688 1.564 1.690 1.644 1.651 

Mn .045 .053 .075 .178 .086 .090 .097 .038 .056 .038 .034 .065 .099 
Ca .248 .124 .260 .260 .282 .194 .140 .220 .222 . 329 .253 .245 .201 
lfa ~ ~ . 054 __,_Q§Q ___,lQ1 .030 .023 ~ ____,_Q1'!. _.069 ~ .046 .049 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

A Site 
Na .047 .014 .051 . 067 .034 .028 .022 .054 .036 .046 .020 .046 .050 
K .004 .004 . 022 ~ ~ .004 _,_QQ£ .004 .006 .004 .004 ~ 
Sum -----:o5l .014 ---:oss ---:oB9 .038 .032 ---:o26 .056 ~ ----:-Os2 ---:av; ----:oso .056 

Total 15.051 15.014 15.055 15.089 15. 038 15.032 15.026 15.056 15.040 15.052 15.024 15.050 15.006 
Cl .002 .002 .002 

Correction tn~e B c B B c B B B B c B B B 

Fe+3/EFe .094 .017 .131 . 086 .048 .086 .036 .075 .066 .044 .060 .084 .073 
Mg/ (Mg+l:Fe) .612 .649 .658 .573 .641 .632 .640 .580 .615 .492 .511 .626 .466 
Mg/(Mg+Fe+2) .635 .653 .689 . 595 .652 .652 .648 .599 .631 .503 .527 .646 .485 
Mg/(Mg+Fe+2+Mn) .630 .648 .681 .579 . 643 . 643 .639 .595 .625 .500 .524 .640 .478 I-' 

0\ 
Ca/(Ca+Na) . 729 .816 .712 • 672 .673 .770 .757 .675 .760 . 741 .855 . 727 .670 N 

Ca/(Ca+Na+K) . 721 .795 .705 . 636 .667 .758 . 741 .671 . 750 .731 .843 . 718 .657 



1-:3 

Zone V Zone VI Retrosrade 
Ill 
O"' 

Sample 74b 76 78 82 75 87 89 f-' 
(I) 

n 5 __!.!__ __ 8_ 9 3 __ 3 _ __ 2_ w 
Si02 50.85 53.03 53.89 55.09 53.93 53.74 52.32 ~ 
Ti02 .22 .09 .12 .17 .05 .07 .14 .. 
Al203 2.61 1. 39 2.87 1.63 .68 • 75 4.62 Q 

Fe203 2.79 .46 .96 .41 .24 .90 1. 81 0 
FeO 24.64 25.47 19.65 17.10 23.34 23.86 19.76 ;:s 
MnO .81 .44 .42 .43 1.20 .52 • 34 c+ 

I-'• 
MgO 13.64 15.59 19.69 21. 44 17.53 17.21 18.18 ;:s 
CaO 2.15 1.20 .13 1.22 .43 .80 .74 i:: 

(I) 
Na20 .49 .14 .37 .15 .06 .07 .54 p.. 
K20 .07 .04 .01 .02 .01 0 . 01 . 
Cl .01 0 
Total 98.28 97. 80 98.11 97.66 97.47 97.92 98.46 

Si IV Sites 
~ 7.583 7.846 7. 710 7.828 7. 921 7.878 7.507 
Al .417 .154 .290 .172 .079 .122 .493 
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

M 1 1 2, 3 Sites 
Al .042 .083 .194 .101 .039 .007 .288 
Fe+3 .313 .051 .103 .044 .027 .099 .195 
Ti .025 .010 .013 .018 .006 .008 .015 
Mg 3.032 3.434 4.199 4. 541 3.838 3.760 3.888 
Fe+2 1.588 1.422 .491 .296 1.090 1.126 .614 
Sum 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

M4 Site 
---Fe+2 1.485 1. 730 1.860 1. 736 1. 777 1.799 1. 757 

Mn .102 .055 .051 .052 .149 .064 .041 
Ca . 343 .190 .020 .186 .068 .126 .114 
Na .070 .025 ~ ___,_Qf2. .006 .011 .088 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

A Site 
Na .072 .015 .034 .015 .Oll .009 .062 
K .013 .008 .002 .004 .002 .002 
Sum ---:085 ~ ---:o36 -:-oi9 ---:-oi3 --:-oo9 ----:o64 

Total 15.085 15.023 15.036 15.019 15.013 15.009 15.064 
Cl .002 

Correction t:tEe B c c c B B c 
Fe+3/i:Fe .092 .016 .021 .021 .009 .033 .076 
Mg/(Mg+l:Fe) .472 .517 .636 .686 .570 .554 .602 
Mg/(Mg+Fe+2) .497 .521 .641 . 691 . 572 .564 .621 
Mg/ (Mg+Fe+2+Mn) .488 .517 .636 .685 .560 .557 .617 
Ca/(Ca+Na) .707 .826 .163 .819 .800 .863 • 432 
Ca/ (Ca+Na+K) .689 . 798 .160 .805 . 782 .863 .429 ...... 

°' (.N 
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Orthoamphiboles. In hand specimen, anthophyllite occurs as pale 
to medium-brown bladed crystals, typically larger than associated 
hornblende. Gedrite in metamorphic Zones IV and below is typically 
gray to brown, and bladed. In Zones V and VI, gedrite is very dark 
gray to black. In thin section, gedrite color in the Z vibration 
direction is pink and pinkish-brown in the lower grade zones (in 
magnetite-free rocks; gray-green in magnetite-bearing rocks) to orange
brown, brown, and dark-brown in Zones V and VI. 

Gedrites in cummingtonite- and hornblende-bearing assemblages 
typically have very fine-scale (010) exsolution lamellae of 
anthophyllite. In sample 66b, two orthoamphiboles coexist: pale 
gedrite with abundant anthophyllite exsolution lamellae, and virtually 
colorless anthophyllite without visible exsolution lamellae. The 
chemical compositions of these coexisting orthoamphiboles (Table 35) 
suggest the narrowness of the orthoamphibole solvus in metamorphic Zone 
IV. Zone V and VI gedrites typically have ilmenite exsolution 
lamellae. 

Chemical analyses of orthoamphiboles are given in Table 35. As 
with hornblende, no single scheme for estimating the ferric iron 
content of these samples was successful. The correction procedures 
that were used are as follows: 

D A constant ratio of (Na+K)A/(Na+K)t = 0.79 was assumed. This is the 
average for all seven wet chemically analyzed metamorphic 
orthoamphiboles presented by Robinson and Jaffe (1969). 

(0.06) (samples 64 and retrograde 77). The ratio (Na+K)A/(Na+K)t 
exceeded 0.79 for the zero ferric formula, so an Fe+3/Fet ratio of 
0.06 was assumed. 

Hbl. The Fe+3/Fet ratio using D, above, exceeded that in coexisting 
hornblende, so the ratio already estimated for coexisting hornblende 
was used. 

Clinopyroxene. Clinopyroxene occurs as blocky to somewhat 
elongate crystals. In thin section, clinopyroxenes are colorless to 
faint green, with ubiquitous pigeonite exsolution lamellae occurring on 
irrational planes close to (001) and (100). Orthopyroxene exsolution 
lamellae on (100) are also found (see Jaffe et al., 1975; Robinson et 
al., 1971a and 1977 for discussions). Clinopyroxene is typically only 
slightly altered to hornblende. Chemical analyses of clinopyroxenes 
are given in Table 36. The clinopyroxenes tend to be subcalcic 
diopsides or calcic augites, with Ca/(Ca+Mg+Fe+2+Mn) ratios near 0.45, 
corresponding to about 90% of the diopside-hedenbergite component in 
the pyroxene quadrilateral. The non-quadrilateral components produced 
by substitution of Na for Ca, octahedral Al, Fe+3 and Ti+4 for Mg and 
Fe+2, and tetrahedral Al for Si, total 5-7%, as expressed by the ratio 
(Al+Fe+3+Ti+Na)/2. 

Orthopyroxene. Orthopyroxenes are generally colorless, or 
pleochroic colorless or faint green to pale pink. Orthopyroxene 



Table 35. Electron probe analyses of orthoamphiboles, with structural formulae on a basis of 23 
oxygens with several different methods of estimating ferric iron contents. See text. 

Zone IV Zone V Zone VI E~on 
Sample 62 64 65b 66a 66b 66b 68 72 73 77 78a 89 77 

n ___!Q__ __ 9_ _ 1_5 _ _ 1_3_ 12 __ 9 _ __ 4 _ 23 __9 _ _1_3 _ _ 1_3 _ 10 3 
Si02 53.43 51.94 53. 72 47. 64 49.86 48.16 43.17 45.54 44.66 44.49 42.98 41.24 53.50 
Ti02 .15 • 34 .10 .46 • 35 .42 .57 .61 .63 .97 .67 .97 .15 
Alz03 2.70 4.81 2.21 11.59 8.73 11.01 15.89 10.83 13. 34 11. 77 15.44 17.46 3.48 
Fe203 1.10 1.27 1.41 1.40 1.48 1.65 3.51 4.12 2.57 2.58 3.04 2.44 1.45 
FeO 18.40 17.94 18.51 14.66 14.79 14.38 15.88 17.48 17.39 20.49 18.44 17.83 20.41 
MnO .73 • 73 .80 • 77 • 74 .69 .48 • 55 .55 .37 .43 .38 .27 
MgO 20.28 18.97 20.55 19.11 20.30 19.57 16.17 16.42 15.88 14.53 14.82 13.99 18.45 
cao .62 .66 .53 .73 .68 .76 .85 .83 .95 . 72 .27 .78 .39 
Na20 .44 • 77 . 31 1.66 1.24 1.60 2.00 1. 72 1. 94 1.89 2.05 2.34 .44 
K20 .01 .Ol .02 0 .02 .03 .01 .01 .01 .04 .01 .03 .02 
Cl 0 0 
Total 97.86 97.44 97.80 98.02 98.19 98.27 98.53 98.11 97.92 97.85 98.15 97.46 98.56 

Si IV Site 
Si 7.660 7.481 7.700 6. 771 7.055 6.819 6.210 6.633 6.487 6.565 6.262 6.050 7.659 
Al .340 .519 .300 1.229 .945 1.181 1. 790 1. 367 1. 513 1.435 1. 738 1. 950 • 341 
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

M 1 1 2 1 3 Sites 
Al .116 .297 .074 . 713 .511 .656 .904 .492 • 771 .611 .914 1.069 .246 
Fe+3 .119 .138 .152 .150 .158 .176 .380 .452 .281 .286 .334 .270 .156 
Ti .016 .037 .011 .049 .037 .045 .062 .066 .068 .107 .073 .107 .016 
Mg 4.334 4.072 4.390 4.048 4.281 4.123 3.467 3.565 3.438 3.195 3.218 3.059 3.937 
Fe+2 .415 .456 .373 .040 .013 .187 .425 .442 .801 .461 .495 .645 
Sum 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

M4 Site 
---Mg .007 

Fe+2 1. 791 1.705 1.803 1.703 1. 737 1.703 1. 723 1. 705 1.671 1. 727 1.786 1.693 1.798 
Mn .089 .089 .097 .093 .089 .083 .058 .067 .067 .046 .053 .047 .033 
Ca .095 .102 .082 .111 .103 .116 .131 .130 .148 .113 .042 .122 .060 
Na .025 .104 .018 _,_Q2l --=..QI!. _,_Qfil_ .088 .098 ~ ~ ___,_ill .138 ~ 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2 000 2 000 2 000 2.000 2.000 2.000 2.000 

A Site 
Na .098 .111 .068 .364 .269 . 348 .470 .387 .433 .427 .460 .528 .013 
K .002 .002 .004 .004 .005 .002 .002 .002 .008 .002 .006 ~ 
Sum ~ ~ ---:on --:-364 ---:273 -:353 ---:z;n ---:-389 --:-435 --:-435 ---:462 ------:534 .017 

Total 15.100 15.113 15.072 15.364 15.273 15.353 15. 472 15.389 15,435 15.435 15.462 15.534 15.017 

Correction t:i::Ee D {0.062 D D D D Hbl D D D D D {0.06) 
Fe+3/l:Fe .051 .060 .065 .079 .083 .094 .166 .175 .117 :102 .127 .110 • 060 
Mg/ (Mg+l:Fe) .651 .639 .653 .691 .692 .687 .602 .580 .590 .532 .555 .554 .602 
Mg/(Mg+Fe+2) .663 .653 .669 .699 . 710 .708 .645 .626 .619 .558 .589 .583 .617 f-' 
Mg/(Mg+Fe+2+Mn) .654 .644 .659 .688 . 700 .698 .638 .619 .612 .554 .583 .578 .614 °' Ca/(Ca+Na) . 436 .322 .488 .195 .233 .209 .190 .211 .213 .173 .071 .155 .330 

U1 

Ca/(Ca+Na+K) . 432 • 320 .477 .195 .230 .207 .190 .211 .212 .171 .071 .154 .323 
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Table 36. Electron probe analyses and structural formulae of 
clinopyroxene. Structural formulae were calculated on a basis of 4 
cations and 6 oxygens. The ratio Ca/(Ca+Mg+Fe+2+Mn) is a measure of 
solid solution toward wollastonite in the pyroxene quadrilateral, and 
the ratio (Al+Fe+3+Ti+Na)/2 is a measure on the total non-quadrilateral 
components in solid solution. 

Sample 80 81 83 84 86 87 

n 3 8 8 10 13 10 
Si02 51. 64 50.58 52.66 52.38 51.64 51. 99 
Ti02 .18 .15 .20 .21 .17 .17 
Al203 1.13 1.11 1.63 1.09 1. 32 1. 28 
Fe203 1.14 1.33 .49 . 98 1. 88 1.16 
FeO 14.24 16.46 9.20 9.84 10.61 11.32 
MnO .41 .43 .36 . 38 .28 .24 
MgO 11.19 8.98 13.62 13.43 12.27 12.66 
Cao 21.30 20.52 21.85 21.47 21.56 20.90 
Na20 .23 .30 .27 .23 .33 .29 
KzO 0 .01 0 0 0 .01 
Total 100.44 99.87 100.28 100.01 100.06 100.02 

Structural formulae to 4 cations and 6 oxygens 

Si 1. 962 1.963 1. 962 1.965 1. 950 1.961 
Al .038 . 037 .038 . 035 .050 .039 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 

Al .013 .014 .034 .013 .009 .018 
Fe+3 .032 .039 .014 .028 . 054 .033 
Ti .005 .004 .006 .006 .005 .005 
Mg .633 .519 .757 . 751 .691 . 712 
Fe+2 .317 .424 .189 .202 .241 .232 
Sum 1.000 1.000 1.000 1.000 1.000 1.000 

Fe+2 .103 .110 .098 .106 .094 .125 
Mn .013 .014 .011 .014 .009 .008 
Ca .867 . 853 .873 .864 .873 .845 
Na .017 .023 .020 . 017 .024 .022 
K 0 0 
Sum 1.000 1.000 1.001 1.001 1.000 1.000 

Total 4.000 4.000 4.001 4.001 4.000 4.000 

Mg/(Mg+Fe:+Z) .601 .493 . 725 .709 .673 .666 
Mg/(Mg+Fe+2+Mn) .594 . 486 . 718 .700 .668 .661 

Ca 
.449 .444 .453 .446 .458 .440 Ca+Mg+Mn+Fe+2 

Al+Fe+3+Ti+Na 
.053 .059 .056 .050 .071 .059 2 
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crystals tend to be larger than coexisting clinopyroxene, and typically 
haye clinopyroxene exsolution lamellae on (100). Compared to 
clinopyroxene, orthopyroxene tends to alter readily to cummingtonite or 
chlorite, and also tends to weather readily. Orthopyroxenes (Table 37) 
have Ca/(Ca+Mg+Fe+2+Mn) ratios of 0.002 to 0.019, corresponding to 0.4 
to 3.8% of a diopside-hedenbergite component. The non-quadrilateral 
components expressed by the ratio (Al+Fe+3+Ti+Na)/2 range from 2.2 to 
6.4% in quartz-bearing assemblages, and 10.9 to 11.3% in quartz-free 
garnet-gedrite assemblages. 

Oxides. Ilmenite is by far the most abundant oxide present in 
most samples, occurring as small, tabular to irregular crystals. In 
metamorphic Zones V and VI, some ilmenite associated with biotite 
appears to have come out of solution in biotite, precipitating as thin 
plates. In many ilmenite-free samples from Zone VI, all ilmenite 
appears to have dissolved into Ti-rich biotite and/or amphibole. 
Chemical analyses of ilmenite are given in Table 38. The total range 
in composition for ilmenite in all samples is 0 to 0.065 per formula 
unit for Mg, 0.006 to 0.085 for Mn, with 1.5-12.5% of a hematite 
component. The concentration of Mg and Mn in ilmenite compared to 
coexisting silicate minerals shows no regular pattern, which I 
interpret to indicate that ilmenite has undergone reequilibration to 
varying degrees since peak metamorphism. The only parameter which is 
consistent is that the hematite component of ilmenite in magnetite
bearing samples is higher than in magnetite-free samples (Figure 26). 
Hematite exsolution lamellae occur in most ilmenite coexisting with 
magnetite. 

Magnetite occurs as equant crystals, invariably with sparse 
pleonaste (aluminous spinel) exsolution lamellae. The chemical 
composition of magnetite in these rocks is exceedingly simple, with <2% 
of all non-magnetite components (Table 39). Because the ulvospinel -
component (Fe2Ti04) is so low, obviously indicating reequilibration at 
low temperatures, T and fo2 estimates based on coexisting ilmenite and 
magnetite pairs could not oe made (e.g., using the nomogram of Spencer 
and Lindsley, 1981). 

Dark green transparent aluminous spinel occurs in three samples: 
as sparse grains associated with ilmenite and magnetite in hornblende
gedrite-garnet gneisses (samples 72 and 73), and as abundant equant to 
irregular crystals associated with ilmenite, magnetite, and hogbomite 
in aluminous enclaves within garnet in a gedrite-orthopyroxene
cummingtonite gneiss (sample 78b). These spinels are largely made up 
of the hercynite-spinel components (Table 39), with modest quantities 
of zincian spinel and magnetite in solid solution. 

Hogbomite (Table 40) occurs only in the spinel-bearing aluminous 
enclaves in sample 78b. It occurs as dark brown, small, irregular 
crystals. They are uniaxial negative, with birefringence apparently up 
to upper second order, and are only very weakly pleochroic. An average 
chemical analysis and calculated structural formula of hogbomite are 



Table 37. Electron probe analyses and structural formulae of orthopyroxene. Structural formulae are 
on a basis of 4 cations and 6 oxygens. The ratio Ca/(Ca+Mg+Fe+2+Mn) is a measure of solid solution 
toward wollastonite in the pyroxene quadrilateral, and the ratio (Al+Fe+3+Ti+Na)/2 is a measure on the 
total non-quadrilateral components in solid solution. 

Zone V Zone VI 
Sample 74a 75 77 78 79 80 81 82 83 84 85 86 

ll 6 6 __ 9 _ __ 9_ __ 9_ 10 12 6 6 11 __9_ 10 
Si02 50.10 51.69 49.91 50.20 55.33 50.48 49.47 53.26 52.67 51. 88 50.01 51.20 
Ti02 .09 .09 .13 .07 .05 .12 .09 .12 .07 .09 .OS .08 
Al203 . 91 .79 2.80 3.17 .85 .58 .48 1. 34 .86 .65 .88 .66 
Fe203 .98 .17 3.02 2.63 .88 .44 .80 .79 .07 1.15 .85 .58 
FeO 31.90 27.15 24.69 23. 50 13.88 32.72 36.10 20.63 25.39 25.99 32.90 29.97 
MnO 1.13 1. 23 .41 .47 .30 1.03 . 79 .45 .84 . 77 1.02 .65 
MgO 14. 71 18.36 19.17 20.18 28.88 14.33 11. 98 23. 70 20.17 19.17 14.08 16.67 
cao .53 .58 .17 .07 . 36 .87 • 77 . 31 .60 .83 .45 .65 
Nazo .02 0 .07 .02 .02 .02 0 .01 .02 .02 .06 .03 
Total 100.37 100.06 100.55 100.31 100.55 100.59 100.48 100.61 100.69 100.55 100.30 100.49 

Structural formulae to 4 cations and 6 oxygens 

Si 1.962 1. 978 1. 890 1. 891 1. 969 1. 977 1. 974 1. 957 1. 979 1. 967 1. 968 1. 976 
Al _____J?]§_ ~ .110 ---=..lQ2. .031 ~ .023 .043 .021 .029 .032 .024 
Sum 2.000 2.000 2.000 2.000 2.000 2.000 1. 997 2.000 2.000 1. 996 2.000 2.000 

Al .004 .014 .015 .032 .005 .004 .015 .017 .009 .006 
Fe+3 .029 .oos .091 . 074 .024 .013 .024 .023 .002 .033 .025 .017 
Ti .003 .002 .004 .002 .002 .004 .003 .003 .002 .002 .001 .002 
Mg • 859 .979 .890 . 892 .969 .836 . 712 .959 .979 .965 .825 .959 
Fe+2 .105 .143 .261 .140 .016 
Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Mg . 068 .193 .241 .564 .340 .151 .119 
Fe+2 .939 . 869 . 782 .740 .413 . 929 . 943 .633 .798 .825 . 943 .951 
Mn .038 .040 .013 .015 .009 .034 .027 .014 .027 .025 . 034 .021 
Ca .022 .024 .007 .003 .014 .037 .033 .012 .024 .034 .019 .027 
Na .001 .005 .001 _:_QQ! .001 .001 .001 .001 ~ .002 
Sum 1.000 1.001 1.001 1.000 1.001 1.001 1.003 1.000 1.001 1.004 1.000 1.001 

Total 4.000 4.001 4.001 4.000 4.001 4.001 4.000 4.000 4.001 4.000 4.000 4.001 

Mg/(Mg+Fe+2) .451 .546 .581 . 605 .788 .438 . 372 .672 .586 .568 .432 .498 
Mg/(Mg+Fe+2+Mn) .443 .535 .577 .600 . 784 .430 .366 .668 .578 .560 .425 .493 

Ca f-' 

Ca+Mg+Fe+2+Mn .011 .012 .004 . 002 .007 .019 .017 .006 .012 .017 .010 .014 °' 00 
Al+Fe+3+Ti+Na 

2 
.038 .022 .113 .109 .032 .023 .025 . 043 .022 .033 .036 .026 



...;:i 
ll:I 

Zone VI o' 
I-' 

Sample 87 88 89 Cl> 

n _lQ_ 12 9 \.JJ 
-J 

Si02 Sl.09 so. 77 SO.lS 
Ti02 .08 .09 .09 Q 
Al203 .70 2.18 4. 71 0 

Fe203 .89 .90 . 32 ::I 
c+ 

FeO 28.SS 27. 77 2S.13 ..... 
MnO :so .36 .38 ::I 

~ 
MgO 17.49 18.09 19.22 Cl> 

cao .68 .19 .17 ~ . 
Na20 .01 .03 • 02 
Total 99.99 100.38 100.19 

Structural formulae to 4 cations and 6 oxygens 

Si 1.970 1. 937 1.889 
Al .030 .063 .111 
Sum 2.000 2.000 2.000 

Al .002 .03S .098 
Fe+3 .026 .026 .009 
Ti .002 .002 .003 
Mg . 970 .937 .890 
Fe+2 
Sum 1.000 1.000 1.000 

Mg .03S .092 .189 
Fe+2 .920 .886 .791 
Mn .016 .012 .012 
Ca .028 .008 .007 
Na .001 .002 .001 
Sum l.OoO l.OoO 1.000 

Total 4.000 4.000 4.000 

Mg/(Mg+Fe+2) .s22 .S37 .S77 
Mg/(Mg+Fe+2+Mn) .Sl8 .S34 .S73 

Ca .014 .004 .004 Ca+Mg+Fe+2+Mn 
Al +Fe+ 3+Ti+Na .031 .064 .111 

2 
...... 
°' ~ 
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Table 38. Electron probe analyses and structural formulae of 
ilmenites. 
Sample 60 61 62 63 64 65 66 67 68 69 

_ n __ _ 1_0 _ _ 1_0 _ __ 4 _ __ l _ __ 3 _ 12 4 12 5 14 
TiO? 49.41 51. 90 49.93 50.39 so.oo 49.43 49.08 47.35 51.07 51. 97 
Al203 . 02 .04 .03 . 04 .os . 02 .04 .03 .04 .03 
Fezo 3 5.27 2.58 5.32 3.03 5.76 5.94 5.43 10. 72 3.86 2.00 
FeO 43. 70 44.22 42. 71 41. 28 41.48 43.10 40.23 41. 29 44. 77 44.68 
~lnO .60 1.18 1.09 3.91 .85 . 94 3.46 .30 .90 .73 
MgO .07 .68 .60 .02 1. 46 .22 .12 .54 .09 . 72 

~ 
Total 99.06 100.60 99.68 98.67 99.60 99.65 98.55 100.23 100.73 100.13 

Structural formulae calculated to 2 cations and 3 oxygens 

Ti .949 . 975 .949 .970 .945 . 943 .947 .898 . 963 . 981 
Al .001 .001 .001 .001 .001 .001 .001 :001 .001 .001 
fe+3 __,JJ2Q ~ . 051 ~ ~ ~ .053 .101 .037 ~ 
Sum 1.000 1.001 1.001 .999 1.000 .999 1. 001 1.000 1. 001 1.001 

Fe+3 . 051 .024 .oso .030 .ass .058 .052 .102 .036 .019 
Fe+2 .933 . 925 .903 .884 .872 . 914 .868 .871 .940 .938 
)In .013 .025 .024 .085 .018 .020 . 075 .007 . 020 . 016 
)!g .003 .026 .023 .001 .055 .008 .005 .020 .004 .027 
Zn 
Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Total 2.000 2.001 2.001 1.999 2.000 1.999 2.001 2.000 2.001 2.001 

FeTi03 93.3 92. 5 90. 3 88.4 87.2 91. 4 86.8 87.1 94.0 93.8 
Fe203 5.1 2.4 5.0 3.0 5.5 5.8 5.2 10.2 3.6 1. 9 
)lnTi03 1. 3 2.5 2.4 8.5 1. 8 2.0 7.5 . 7 2.0 1. 6 
:t~TiO . 3 2.6 2.3 .1 5.5 . 8 .5 2.0 .4 2.7 

Sample 70 71 721 731 741 751 76 77 78a 78bl 

n _1_3_ 4 20 6 6 5 8 9 3 4 
Ti02 51. 90 50.95 46.80 46.24 47T7 49.51 51. 03 49T7 4sTz t;'7T4 
.u203 .03 . 01 .05 .07 .06 . 02 . 02 . 03 .07 .06 
Fez03 1. 53 3.59 12 .15 12.07 9.14 6.56 3.50 6. 74 13.07 9.21 
FeO 45.61 44.67 40.21 40.34 41. 62 41. 26 44.10 42. 70 39,54 41. 21 
\(nQ .45 .63 .85 1. 24 .97 2.13 . 71 .28 .25 .47 
'!gO . 35 .25 .54 .01 .31 .63 .60 . 75 . 71 .53 
ZnO .03 _.:..2.2. .11 
Total 99.87 100.10 100. 63 99.97 100.07 100.11 99. 96 99.77 99.42 99.13 

Structural formulae calculated to 2 cations and 3 oxygens 

Ti . 985 . 966 .885 .884 .912 .937 . 966 .935 .874 . 911 
Al .001 0 .001 .002 .002 .001 .001 .001 .002 .002 
Fe+3 . 014 . 034 .114 .115 .086 .062 . 033 .064 .124 .088 
Sum 1.000 1.000 1.000 1. 001 1.000 1.000 1.000 1.000 1.000 1. 001 

fe+3 .015 . 034 .116 .116 .088 . 062 .033 .064 .125 .089 
Fe+2 .962 .942 .845 .857 .880 . 869 . 929 . 901 .841 .879 
an . 010 .014 .018 .027 .020 .045 .015 . 006 .006 . 010 
Mg .013 .010 .020 0 .012 .024 .023 .028 .027 .020 
I!!__ . 001 _..:_QQl ~ 
Sum 1.000 1.000 1. 000 1.000 1.000 1.000 1.000 .999 1.000 1.000 

Total 2.000 2.000 2.000 2.001 2.000 2.000 2.000 1.999 2.000 2.001 

FeTi03 96.2 94.2 84.5 85.7 88.0 86.9 92.9 90.1 84.1 87.9 
Fe203 1. 5 3.4 11. 6 11. 6 8.8 6.2 3.3 6.4 12.5 8.9 
anTio3 1. 0 1. 4 1. 8 2. 7 2.0 4.5 1. 5 . 6 . 6 1. 0 
~a.I!Ql_ 1. 3_ 1. 0 2.0 0 1. 2 2.4 2.3 2.8 2.7 2.0 
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Table 38, continued. 

Sample 80 81 82 84 86 87 

_n __ 10 9 3 10 10 5 
Ti02 51. 20 49.79 51.92 51.11 50.67 49,94 
,u203 .04 .03 .01 .05 .03 .05 
Fe203 2.55 4.30 2.16 3.53 4.63 4.20 
F.eO 44.47 43.73 42. 78 43.60 43.90 43.31 
~!nO . 98 .80 . 79 1.04 .57 .54 
~!gO . 31 .14 1. 73 • 72 .58 .58 
~ 

99.55 98.79 99,39 100.05 100.38 98.62 Total 

Structural formulae calculated to 2 cations and 3 oxygens 

Ti . 975 .958 .979 .966 • 956 . 959 
Al . 001 . 001 0 .002 .001 .001 
Fe+3 . 024 .041 .020 .033 .044 ~ 
Sum 1.000 l.OOo -:-999 1.001 1.001 1.001 

Fe+3 .024 .042 .021 .034 .043 .040 
Fe+2 . 943 . 936 .897 . 917 . 922 . 926 
~In . 021 . 017 .017 .022 .012 .012 
~lg . 012 .005 .065 .027 .023 .022 
~ 

1. 000 l.OOo 1.000 1.000 1.000 1.000 Sum 

Total 2.000 2.000 1.999 2.001 2.001 2.001 

FeTi03 94.3 93.6 89.7 91. 7 92.2 92.6 
Fe203 2.4 4.2 2.1 3.4 4.3 4.0 
~lnTi03 2.1 1. 7 1. 7 2.2 1. 2 1. 2 
~lgTi03 l. 2 • 5 6.5 2.7 2.3 2.2 
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Figure 26. Ilmenite compositions plotted in part of the FeO, Ti02, 
Fe203 ternary iron-titanium oxide system. Tie lines connect ilmenite 
with coexisting magnetite. Hematite does not occur in any of the 
prograde assemblages studied here, except as exsolution lamellae within 
ilmenite. 

To FeO 

10 

To 
Hematite 



Table 39. 
magnetites 
on a basis 

Sample 

n 
Ti02 
Alz03 
Fe203 
FcO 
:1no 
:tgO 
ZnO 
Total 
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Electron probe analyses and structural formulae of 
and hercynitic spinals. Structural formulae were calculated 
of 3 cations and 4 oxygens. 

Ma~netite si:inel 
67 72 73 74 75 78b 72 78b 

8 6 13 5 5 10 9 14 
--:Tl --:OJ ---:a-; -:ZS -:09 ---:TI --:DI --:oz 

.41 .44 .27 .57 .39 . 37 58.96 57.58 
68.20 68.92 69.50 68.34 68.34 68.51 3.46 4.28 
31.11 31. 29 31.04 31.35 31.04 31. 09 25.67 30.89 

. 01 . 01 .01 .01 .04 .02 .27 .20 

.02 .04 .05 .01 .04 .04 7.75 6.10 
.OS .12 3.68 .68 

99.86 100.78 99.94 100.53 99.94 100.32 99.80 99.75 

Structural formulae to 3 cations and 4 oxygens 

Ti .003 .001 .002 .007 . 002 .005 0 0 
Al . 019 .020 .012 .026 . 017 .017 1. 929 1.908 
Fe+3 1. 975 1. 978 1.984 1. 964 1. 978 1. 975 .072 .090 
Sum 1. 997 1. 999 1. 998 1.997 1. 997 1. 997 2.001 1.998 

Fe+2 1. 001 .998 .999 1.001 .998 .996 .596 . 726 
:1n 0 0 0 0 .001 .001 .006 .005 
:tg .001 .002 .003 .001 .002 .002 .321 .256 
Zn .001 .003 .075 .014 
Sum 1.002 1.001 1.002 1.002 1.001 1.002 --:998 1.001 

Total 2.999 3.000 3.000 2.999 2.998 2.999 2.999 2.999 

:tgAlz04 .1 . 2 • 3 .1 . 2 . 2 32.1 25.6 
Fe1U204 . 9 .8 . 3 L2 . 7 . 7 56.7 68.5 
ZnA1204 .1 . 3 7.5 1. 4 
Fe2Ti04 . 3 .1 . 2 . 7 . 2 . 5 0 0 
:1nFe204 0 0 0 0 .1 .1 . 6 .5 
Fe.J.llii. 98.7 98.8 99.2 98.0 98.2 98.2 3.0 4.0 
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Table 40. Average electron probe analysis and structural formula of 
hogbomite from sample 78 (assemblage 78b). The structural formula is 
calculated on a basis of 32 oxygens using the anhydrous formula of 
Essene, et al. (1982). Hogbomite is essentially composed of spinel
like sheets of variable thickness between TiAl408 sheets, which make 
hogbomite hexagonal or trigonal, depending on the stacking order. The 
composition of hogbomite is therefore a solid solution series between a 
spinel end member: 

IV VI 
[M+2Al204]8, 

having 24 cations and no Ti, and the ideal hogbomite end member: 

IV VI VI VI 
[M+2A1204]6[Ti1Al408], 

having 23 cations and one Ti. The end members are related by the 
exchange component M+22Ti_1• Ferric iron was estimated by 
recalculating the all ferrous formula to lie on a line between the 
ideal spinel and hogbomite end members given above. The resulting 
structural formula is complex due to the variable sheet stacking. 

Sample 78b 
n 16 Cations/ 

Oxides % Oxides Cations formula 
Ti02 4.65 Ti .767 
Al203 60.06 Al 15.539 
Fe203 2.81 Fe+3 .463 
FeO 24.86 Fe+2 4.546 
MnO .12 Mn .022 
MgO 5.58 Mg 1.826 
ZnO _d2. Zn .070 
Total 98.51 Total 23.233 

Structural formula calculated to 23.233 cations and 32 oxygens: 

+2 +3 . 
[(Mn.003Fe .704Mg.282zn.011)1(Al1.929Fe .071)204J6.466 [TiAl408].767 



given in Table 40. 

Rutile of prograde origin occurs as oblong, transparent yellow 
crystals in several samples. It is invariably associated with 
ilmenite. Tiny, equant, yellow rutile crystals are associated with 
partially recrystallized or retrograded hornblende (e.g., sample 71). 
Acicular colorless rutile associated with altered biotite is also 
found. 
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Accessory minerals. Zircon typically occurs as tiny, oblong, 
colorless crystals, surrounded by radiation halos where adjacent to 
biotite, hornblende, or rarely cummingtonite (sample 63 only) or 
gedrite. In sample 81, a clump of several 1 mm long colorless zircon 
crystals was found. 

Apatite occurs as subhedral to euhedral, colorless, stubby prisms. 
Some samples, such as 80 and 81, have abundant apatite and are 
interpreted to be metamorphosed Acadian intrusive rocks (Field, 1975), 
as opposed to older volcanics. 

Allanite occurs as sparse (common in sample 63), anhedral to 
euhedral, brown to yellow-orange, zoned crystals, and is typically 
metamict. 

Sulfides. Although not certain, it appears that pyrrhotite is the 
only sulfide of prograde origin in all but one or two of these rocks. 
Chalcopyrite occurs as thick, lenticular exsolution lamellae in 
pyrrhotite, or as small discrete crystals adjacent to pyrrhotite. 
Pyrite appears to be a weathering product of pyrrhotite in most 
samples, in which it is typically associated with limonitic weathering 
products. In sample 75, the origin of pyrite is equivocal, and in the 
very magnesian sample 79 (sample 57 of Chapter II), the pyrite is 
probably of prograde origin. Covellite occurs only in sample 74 (74a). 
It may be of prograde origin, but I suspect that it is a weathering 
product of chalcopyrite. 

Alteration products. Chlorite, talc, sericite, calcite, and 
serpentine apparently occur only as secondary minerals in the rocks 
studied. These formed either during cooling and uplift of the Acadian 
metamorphic terrane, or at some later time. See Hollocher (1980 and 
1981) for a discussion of severe retrograde metamorphism in pelitic 
schists in part of the study area. It should be remembered that other 
minerals, such as hornblende, cummingtonite, biotite, ilmenite, and 
rutile also occur as retrograde products in some of these samples (see 
above). 

In thin section chlorite is colorless to light green, and occurs 
as small, tabular crystals, typically associated with cummingtonite, 
orthoamphibole, or orthopyroxene. Talc occurs as small plates and 
irregular grains, associated with altered parts of orthoamphibole, 
orthopyroxene, cummingtonite, and, in sample 82, biotite. Sericite is 
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ubiquitous, although not abundant, as a very fine-grained alteration 
product of plagioclase. Calcite occurs as irregular, interstitial 
grains, typically associated with sericite. All calcite in these rocks 
is considered to be retrograde in origin. Serpentine (?) occurs in a 
few samples as an alteration product of orthopyroxene. The material 
has a yellowish color which may be staining, has interference colors up 
to middle first order, and is very fine-grained. 

Amphibole Crystal Chemistry 

Amphibole nomenclature. Figure 27 shows amphibole analytical data 
plotted to show variety names, based on Mg/(Mg+Fe+2) (Xmg) vs. Si per 
formula unit (Leake, 1978). The plotted analyses include all amphibole 
analyses from this study, the sample A, B, and K wet chemical analyses 
from Robinson and Jaffe (1969), the sample C cummingtonite analyses 
from Huntington (1975), and the sample Land M analyses from Wolff 
(1978). Analyses from this study are given in Tables 33, 35, and 35. 
Other analyses are given in Table 44, Appendix 5. All electron probe 
analyses from Robinson and Jaffe (1969), given in Table 44, Appendix 5, 
were excluded. 

Orthoamphiboles. Orthoamphiboles occur in both the anthophyllite 
and gedrite fields (Figure 27A), and cover only a very narrow range of 
Xma• Coexisting orthoamphibole pairs were found in samples 66 and 77. 
In°66, the two appear to be in discrete, large crystals. The faint 
pink crystals with low Al contents and no visible exsolution lamellae 
are anthophyllite, and the somewhat darker crystals with higher Al 
contents and having visible (010) exsolution lamellae are gedrite. In 
sample 77, the predominant amphibole is a dark brown gedrite, with 
minor quantities of colorless anthophyllite. The anthophyllite occurs 
as bladed crystals oriented parallel to the gedrite c crystallographic 
axis. The textural evidence is somewhat equivocal, but I have 
interpreted the anthophyllite to be of exsolution origin. It should be 
noted that anthophyllite and gedrite in a virtually identical sample 
from the same outcrop were interpreted to be a coexisting prograde pair 
(Robinson and Tracy, 1979, the anthophyllite-gedrite-orthopyroxene 
assemblage in their figure). 

The anthophyllites (>7 Si per formula unit) are relatively simple 
in composition, with small to moderate quantities of A1IV (0.300-
0.945), A1VI (0.074-0.511), Fe+3 (0.119-0.158), and small quantities of 
Ti (0.011-0.037), per formula unit. A-site occupancies range from 
0.072 to 0.273, with virtually no K. The gedrites (<7 Si per formula 
unit) by definition have more A1IV than anthophyllites (1.181-1.950), 
and generally have higher A1VI (0.492-1.069), Fe+3 (0.150-0.452), Ti 
(0.045-0.107), and A-site occupancies (0.353-0.534). Brown gedrites in 
samples 77 and 89 from Zones V and VI with 0.107 Ti per formula unit 
are very close to the maximum Ti content of 0.111 ever recorded for any 
orthoamphibole (Robinson et al., 1982c, their Table 2), and have about 
twice the Ti content of any orthoamphiboles in Zones I and II. The 
gedrite in sample 89 has the highest Al and highest A-site occupancy of 



Figure 27. Amphibole classification for A) Orthoamphiboles; B) 
Cummingtonites; and C) Hornblendes. Classification is after Leake 
(1978). Dashed lines connect prograde with retrograde amphiboles. 
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any analyzed in this study. It is from a quartz-free gedrite
orthopyroxene-garnet-plagioclase-biotite gneiss in Zone VI. 
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Cummingtonite. Not surprisingly, cummingtonite data occupy a 
relatively small field in Figure 27B. The retrograde cummingtonites 
shown are all after orthopyroxene. The crystal chemistry of 
cummingtonite is much simpler than that of the orthoamphiboles. A1IV 
ranges from 0.126-0.417 per formula unit, A1VI from 0.006-0.223, and Ti 
from 0.008-0.032, for prograde cummingtonite. Fe+3 ranges from 0.041-
0.313, but is highly dependent on the ferric iron correction, as is the 
A-site occupancy which ranges from 0.014-0.089. Cummingtonite 
compositions do not appear to change systematically with 
grade in any obvious way. Cummingtonite will be discussed in 
detail with hornblende, below. 

Hornblende. Hornblende crystal chemistry is complex, controlled 
by metamorphic grade, assemblage, and composition-dependent crystal 
structure. For prograde hornblende, A1IV ranges from 0.535-1.673, A1VI 
from 0.291-0.792, and A-site occupancy from 0.291-0.536, except for 
hornblende in sample 79 which has 0.088 cations per A-site. Ti ranges 
from 0.074-0.246 (0.042 in sample 79) and Ca from 1.343-1.818, both 
tending to increase with metamorphic grade. The Fe+3 content in these 
hornblendes ranges from 0.120-0.705, which is critically dependent on 
the ferric iron correction used. Other parameters which are highly 
dependent on this correction are (Mn+Fe+2+Mg)M4, ranging from 0.023-
0.498, and NaM4, ranging from 0.082-0.222. 

Data for hornblende with prograde compositions tend to cluster 
together in Figure 27C, with a few data occurring away from the 
principal cluster (samples 79 and 82). Interestingly, the data from 
quartz-free assemblages tend to be more Mg-rich than most data from 
quartz-bearing assemblages. This is at least in part due to the fact 
that rocks with higher Xmg tend to be more mafic (typically olivine
normative) and therefore poorer in silica. Data for blue-green 
hornblende of retrograde origin are connected to their parent 
hornblende compositions in Figure 27C by dashed lines. These 
retrograde hornblendes have both lower silica contents and lower Xmg 
than their parent compositions, as well as much lower Ti contents, 
which range from 0.026-0.051 per formula unit compared to 0.074-0.246 
for prograde hornblende (excluding 0.042 Ti for hornblende in sample 
79). One retrograde hornblende composition is after cummingtonite (?, 
sample 63), another occurs in a cummingtonite-anthophyllite assemblage 
(sample 65b), and another (sample 87) is after pyroxene. 

With increasing temperature one would expect increasing solid 
solubility of certain minor components in hornblende, including K and 
Ti. The concentrations of these elements in hornblende are shown in 
Figures 28A and 28B with respect to estimated peak metamorphic 
temperatures (from Table 26). Although there are large degrees of 
scatter, one can draw curves which look like biotite (K) and ilmenite 
(Ti) saturation surfaces for hornblende, with isothermal tie lines to 
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Figure 28. A) K atoms per formula unit in hornblende. Closed symbols 
represent samples with biotite in the prograde assemblage; open symbols 
represent samples without biotite. B) Ti atoms per formula unit in 
hornblende. Closed symbols represent samples with ilmenite in the 
prograde assemblage; open symbols represent samples without ilmenite. 
Data are separated by estimated prograde metamorphic temperatures from 
Table 26. See also Figure 6. 
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the saturating phases. Note, however, that neither biotite nor 
K-feldspar truely saturates hornblende with respect to K. 
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This sort of model for solid solution of minor components, 
however, is misleading because solid solution among other components 
has such a drastic effect on crystal structural and substitutional 
parameters. This is well shown in Robinson et al. (1982b, Figure 22) 
where Ti per formula unit in biotite from pelitic schists is plotted 
vs. biotite Xmg• The Ti content of biotite increases drastically both 
with increasing metamorphic grade and with decreasing Xmg• The strong 
composition effect is probably due to the nature of the Ti substitution 
mechanism. Ti probably largely substitutes as an ilmenite component: 

Fe+2 + Ti = 2AlVI. 
This substitution mechanism is favored in ilmenite-bearing rocks 
because the activity of the ilmenite component is near unity. The 
equivalent Mg substitution reaction is not favored because the activity 
of the geikielite component is near zero in pelitic schists. Also see 
Guidotti (1984) and Guidotti et al. (1977) for discussions. Similar 
plots for both biotite and hornblende (Figures 29A and 29B) show very 
similar patterns. Generally, the higher the metamorphic grade and 
lower the Xmg' the higher the Ti content of biotite and hornblende. 

The hornblende data in Figure 29C with <0.15 K per formula unit 
suggest that the K content of hornblende also increases with decreasing 
Xmg• Of the five hornblende analyses with >0.15 K per formula unit, 
samples 81, 84, and 86 either have K-feldspar or have evidence that 
K-feldspar was present in the prograde assemblage. Such evidence has 
not been found in the other samples with high-K hornblende (80 and 83). 
However, regardless of the reason, these high-K hornblendes considered 
alone also appear to become more K-rich with decreasing Xmg• Notice 
also that the high-K hornblendes also coexist with biotites (Table 31) 
that are notably high in K, with high A-site occupancies. 

Figure 30 shows coexisting hornblende-cummingtonite pairs plotted 
with respect to Na+Ca in M4, and Xmg• The two amphibole groups are 
separated by a solvus. Notice that the difference in Xma between 
coexisting pairs is small, with hornblende tending to have very 
slightly higher Xm • Two dashed lines have been drawn, based more on 
artistic license t~an on the data, suggesting that the solvus narrows 
with decreasing Xmg (as suggested by Jaffe, et al., 1968), as does the 
pyroxene solvus in the pyroxene quadrilateral. Data for this closure 
are as yet equivocal (e.g., Figures 22B and 24 of Robinson et al., 
1982b). 

Figure 31 shows the Ca/(Ca+Na) ratios (An 1 ) for coexisting 
plagioclase and hornblende plotted against one another. The most 
obvious point to note is that most samples lie in relatively narrow An 1 

ranges; about 0.70 to 0.83 for hornblende, and 0.22 to 0.51 for 
plagioclase. Another group of data lies at plagioclase An' contents of 
>0.7. Point J may represent a poor hornblende analysis. 
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Figure 29. Ti per formula unit in: A) Biotite and B) Hornblende, and 
C) K per formula unit in hornblende, with respect to the ratio 
Mg/(Mg+Fe+2), and with respect to metamorphic grade (see symbols). 
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Figure 30. Coexisting hornblende-cummingtonite pairs plotted with 
respect to (Na+Ca) in M4 and the ratio Mg/(Mg+Fe+2), depicting the 
hornblende-cummingtonite solvus which is schematically shown with 
dashed lines. 
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Figure 31. Coexisting plagioclase and hornblende, plotted with respect 
to Ca/(Ca+Na) ratios. The distribution of Ca and Na can be expressed 
by the equation: 

Kn = Ca Ca+Na)Hornblende)* Na Na+Ca)Pla ioclase) 
Na Na+Ca Hornblende * Ca Ca+Na Plagioclase 

The diagonal straight line in the Figure is equivalent to a Kn of 
unity, whereas the curved line, estimated by eye to evenly divide the 
main group of points, represents a Kn of 5.7. The straight dashed line 
separates most quartz-bearing from quartz-free assemblages. 
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The curved line represents a simple bulk distribution of Na and Ca 
between hornblende and coexisting plagioclase (explained in figure 
caption). The straight solid line represents a bulk distribution 
coefficient of unity. Obviously, the distribution of Ca and Na between 
hornblende and plagioclase follows no simple law. 

Hornblende from quartz-free rocks almost invariably has a lower 
An' value, for an equivalent plagioclase An' content, than hornblendes 
from quartz-bearing assemblages. This is to be expected because one of 
the principal mechanisms for substitution of Na in hornblende is the 
coupled exchange reaction: 

SiIV + VacancyA = A1IV + NaA 
Silica saturation limits how far this reaction can proceed to the 
right. The straight, dashed line in Figure 31 more or less separates 
quartz-bearing from quartz-free rocks. This line is canted, as is the 
long axis of the field of data, such that the An' content of hornblende 
decreases along this line with decreasing An' in plagioclase. This is 
also as expected, because the higher activity of albite component in 
plagioclase should drive the above substitution reaction to the right. 

A final point to note is that the distribution of Na and Ca 
between coexisting plagioclase and hornblende is not apparently 
affected by metamorphic grade, at least in any simple way in the rocks 
studied. 

CHEMOGRAPHY 

Phases and Components 

The purpose of this study is to evaluate the phase relations and 
reactions in amphibole- and pyroxene-bearing assemblages. This is done 
by examining the assemblages in a series of rocks, elucidating the 
prograde reactions that took place, and balancing the reactions using 
chemical data. 

Of great importance is the chemical system with which one works. 
The phases that are important to this study include: 

Hornblende 
Orthoamphibole(s) 
Cummingtonite 
Biotite 
Garnet 
Orthopyroxene 

Clinopyroxene 
Ilmenite 
Magnetite 
Plagioclase 
Quartz 
Metamorphic fluid 

These can adequately be described with eleven chemical components: 

Si02 
Ti02 
Al203 
Fe203 

MgO 
Cao 
Na20 
K20 



FeO 
MnO 

H20 

185 

This many components are impossible to show graphically at once. 
Therefore, many of the components, expressed as molar cation 
proportions, have been lumped together for graphical depiction in the 
following discussion: 

A = Al + Fe+J + 2Ti 
F = Fe+2 + Mn - Ti 
M = Mg 
N = Na 
C = Ca 
S = Si 

These components are further reduced and modified by projection from 
saturating phases such as plagioclase or orthopyroxene. combining of 
components is not without problems, the most profound of which, in 
these samples, is Mn stabilizing the occurrence of garnet. Even in 
this case, however, the amount of Mn in garnets tends to be small and I 
believe the reaction topologies discussed below remain valid. 

Projections 

Projections were made out of the six-component AFMNCS chemical 
system onto ternary planes from several phases, including quartz, 
orthopyroxene, albite, and anorthite. Note that in the discussion 
below, reference to projection from plagioclase actually refers to 
projection from albite and from anorthite. This is mathematically 
required in this chemical system (see Greenwood, 1975, or Spear et al., 
1982, for mathematical approaches to complex projections). The actual 
plotting components used in the projections are given in each figure. 

Balancing Reactions 

Because balancing reactions can be done mathematically using any 
necessary number of chemical components and phases, the problems of 
visualizing n-component space are eliminated. Reactions were balanced 
in this study using molar components with an interactive least-squares 
regression computer program, which I wrote after the method of Bryan et 
al. (1968). In cases where the number of phases equaled one plus the 
number of chemical components, the reactions balance exactly. To 
achieve this, usually all or most of the minerals in the sample were 
included in the reaction. In cases where the number of phases was less 
than one plus the number of chemical components, the reactions could 
not be balanced exactly, although the residuals were generally very 
small. Therefore, many of the 'balanced' reactions discussed below are 
in fact only least-squares approximations, but generally good ones. 

Up to ten phases and nine chemical components (Si, Al, Ti, Fe+J, 
Fe+2+Mn+Mg, Ca, Na, K, and H20) were used for important reactions to 
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show just what the natural reactions probably were. As few as five 
phases and four chemical components were used when simplified reactions 
sufficed. For simplicity's sake and because chemical data for some 
reactions are lacking, some reactions are not shown balanced, although 
minerals do appear on the proper sides of the reactions. In the 
balanced reactions presented, calculated reaction coefficients were 
multiplied by factors of 10 or 100, depending on the reaction, to give 
reasonably precise coefficients without decimal numbers. Albite and 
anorthite components were used instead of the measured plagioclase 
compositions. If both An and Ab components occurred on the same side 
of the reaction, the molar An% of the plagioclase reaction component 
was given. See Table 45, Appendix 6 for mineral abbreviations, and for 
explanations of mineral compositions used in the balanced reactions. 

MINERAL REACTIONS AND PHASE RELATIONS 

The Principal Reactions 

The principal purpose of this project was to determine phase 
relations in mafic rocks in the higher grade metamorphic zones in 
central Massachusetts. Figure 32 is a set of three schematic 
plagioclase projections. Figure 32A shows phase relations in 
metamorphic Zone IV, 32B shows relations in upper Zone V and lower Zone 
VI, and 320 shows estimated phase relations in upper Zone VI. The 
directions of movement of the 3-phase fields with increasing 
metamorphic grade are shown by arrows. Seven of the 3-phase fields 
represent reactions which are important in changing assemblages in 
amphibolites and in converting amphibolites into pyroxene granulites. 
These seven reactions were chosen for detailed discussion because they 
are reasonably well constrained, either by analyzed reaction 
assemblages or because related assemblages constrain the position of 
the 3-phase field. All of the seven principal reactions involve 
quartz, because quartz-bearing reactions have fewer degrees of freedom 
and are therefore easier to model than quartz-absent reactions, and 
because quartz-bearing assemblages are common. 

The following discussion of the seven principal reactions refers 
to Figure 33, where all amphibole, pyroxene, and garnet data are shown 
in plagioclase projection. To see the topologies of the reactions, 
refer back to Figure 32. As in previous figures, open symbols 
represent quartz-free assemblages, and closed symbols represent quartz
bearing assemblages. In Figure 33A, just to show the effect of ferric 
iron on the plotting positions of these minerals, hornblende from 
sample L is shown with the ferric iron correction used (Table 44, 
Appendix 5), and with all iron as ferrous (dotted line). 

Each of the seven reactions is given a name and a reaction number 
(1q, etc.). The 1q 1 suffix to the reaction numbers indicates that the 
reaction is a quartz-present reaction. No suffix in the reaction 
number indicates a quartz-absent reaction. 
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Plagioclase projections showing estimated phase relations 
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Figure 33. Amphibole, garnet, and pyroxene data shown projected from 
plagioclase into the AFM ternary system. A) Data from metamorphic 
Zones II and III. B) Data from Zone IV. Samples with anthophyllite
cummingtonite-hornblende 3-amphibole assemblages are labeled. C) Data 
from Zone V. D) Data from Zone VI. In Figures 330 and 33D, 
cummingtonite is shown as dotted circles and orthopyroxene as crosses. 
For clarity, metamorphic grade and the presence or absence of quartz is 
shown by a symbol on hornblende, or another phase if hornblende is not 
present. Plotting parameters are in cation proportions: 

A= ((Al+Fe+3-Na)/2)+Ti-Ca 
F = Fe+2+Mn-Ti 
M = Mg 
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Figure 33, continued. 
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Figure 33, continued. 
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The first reaction, 1q (Figures 32A and 32B), produces 
cummingtonite at the expense of anthophyllite and hornblende, and is 
called the Cummingtonite-In reaction: 

1q 281 Oam + 50 Hbl + 11 Ilm + 141 Qtz = 
321 Cum + 64 Plag(An58) + 42 Rut + 100 H20• 
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Notice that this reaction involves rutile. This was done because 
cummingtonite assemblages and anthophyllite assemblages at magnesian 
bulk compositions typically contain rutile. However, since these same 
assemblages are typically biotite-free, biotite was left out. In 
Figure 33A, the Cummingtonite-In reaction 1q is constrained to lie 
between the quartz-bearing cummingtonite-hornblende assemblages in 
samples H and I, and the quartz-bearing anthophyllite-hornblende 
assemblages at somewhat more magnesian compositions. In Figure 33B, 
quartz-absent Cummingtonite-In reaction assemblages occur in samples 
62, 64, and N. The quartz-present Cummingtonite-In 3-phase field 
probably occurs close to or to the left of the cummingtonite-hornblende 
assemblages in samples 67 and 65a, and the anthophyllite-cummingtonite 
assemblage in sample 65b. 

The next reaction, 2q (Figure 32A), is that which consumes 
cummingtonite and produces hornblende and garnet: 

2q 350 Cum + 48 Bio + 667 Plag(An83) + 19 Ilm = 
305 Hbl + 417 Gar + 986 Qtz + 100 H20• 

This is called the Cummingtonite-Out (Gar) reaction, to distinguish it 
from other cummingtonite-out reactions involving orthopyroxene. 
Plagioclase-cummingtonite rocks are aluminous enough to allow reaction 
to garnet + hornblende instead of a simpler cummingtonite-out reaction 
to fayalite + quartz or orthopyroxene + quartz, depending on Fe content 
and pressure (Bohlen et al., 1983). The Cummingtonite-Out (Gar) 
reaction 2q assemblage, if it exists in Zones II and III, is 
constrained to compositions more Fe-rich than samples B and C in Figure 
33A. The assemblage is actually present in Figures 33B (samples 70 and 
71), and 33C (sample 76). In Figure 33D, depicting Zone VI data, 
cummingtonite has been replaced by orthopyroxene and the Cummingtonite
Out (Gar) reaction 2q probably no longer exists. 

The third reaction, 3q (Figure 32A), produces garnet and 
cummingtonite at the expense of an orthoamphibole, which is probably 
gedrite. This is called the Gedrite-Out (Cum) reaction: 

Jq 288 Ged + 46 An + 6 Bio = 
187 Gar + 194 Cum + 40 Ab + 10 Ilm + 5 Qtz + 100 H20. 

This reaction assemblage was not actually found. However, in Figure 
33A, the gedrite composition in this reaction assemblage must lie to 
the Fe-rich side of orthoamphiboles in quartz-bearing hornblende
orthoamphibole and orthoamphibole-cummingtonite assemblages. The 



cummingtonite-garnet tie line in the Gedrite-Out (Cum) 3q assemblage 
must lie toward more Mg-rich compositions than the sample J tie line 
(no garnet analyses available). Similarly, in Figure 33B the 
cummingtonite composition for the Gedrite-Out 3q reaction must lie 
between cummingtonite compositions in samples 63 and 65b. 

The fourth principal reaction, 4q (Figure 32B), is terminal to 
cummingtonite, and is called the Cummingtonite-Out (OPX) reaction: 

4q 121 Cum + 11 An = 
20 Hbl + 360 OPX + 2 Ab + 106 Qtz + 2 Bio + 0 ilm 
+ 100 H20• 
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If this reaction exists at all in Zones II, III, or IV, it must occur 
at compositions more Fe-rich than cummingtonite-bearing assemblages in 
samples Band C (Zones II and III, Figure 33A), and samples 70 and 71 
(Zone IV, Figure 33B). The reaction assemblage is found in Zone V 
(sample 74a, Figure 33C), and is constrained to compositions more Mg
rich than sample 84 (Figure 33D), with the assemblage: orthopyroxene
hornblende-clinopyroxene. The orthopyroxene-hornblende assemblage of 
sample 79 (Figure 33D) suggests either that the Cummingtonite-Out (OPX) 
4q reaction has passed its bulk composition, or that the terminal 
cummingtonite composition lies between orthopyroxene in samples 79 and 
84. Notice in Figure 33D (sample 82) that the equivalent quartz-absent 
Cummingtonite-Out (OPX) reaction assemblage occurs in Zone VI. 

the data 
The 
the 

At some point, reactions that are not well constrained by 
must expose orthoamphibole, probably gedrite, to orthopyroxene. 
result of this will be reaction 5q (Figure 32B), very similar to 
Gedrite-Out (Cum) 3q reaction, here called the Gedrite-Out (OPX) 
reaction: 

5q 101 Ged + 8 An + 78 Qtz = 
198 OPX + 72 Gar + 55 Ab + 11 Ilm + 2 Bio + 100 H20• 

This reaction is poorly constrained by quartz-bearing assemblages, but 
must occur at more Mg-rich compositions than the orthopyroxene-garnet 
tie line for sample 88 (Figure 33D). The Gedrite-Out (OPX) reaction, 
5q, must also occur at higher grade than Zone IV, because no 
orthopyroxene is found near the orthoamphibole field until Zone V 
(Figure 33C). 

Once gedrite is exposed to orthopyroxene (Figure 32B), producing 
the Gedrite-Out 5q reaction, a second reaction, 6q, is also produced: 

6q 60 Cum + 40 Oam = 
340 OPX + 13 Plag(An53) + 60 Qtz + 2 Ilm + 0 Bio + 
100 H20 

This orthopyroxene-producing reaction is called the Orthopyroxene-In 
(Ged) reaction, to differentiate it from other orthopyroxene-in 
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reactions cited below. It must occur at more Mg-rich compositions than 
all orthopyroxene in quartz-bearing rocks in Zone V (Figure 33C), as 
well as in Zone VI (Figure 33D) with the possible exception of sample 
79. 

The final principal reaction, 7q (Figure 32B, C), is terminal to 
hornblende in Zone VI: 

7q 126 Hbl + 136 Qtz = 
173 CPX + 119 OPX + 121 Plag(An58) + 21 Ilm + 
32 Bio + 100 H20 

and is called the Hornblende-Out (OPX) reaction. This is constrained 
to more Fe-rich compositions than the orthopyroxene-bearing assemblages 
in samples 75 and 74a (Figure 33C) in Zone V. Samples 84, 86, 80, and 
81 in Zone VI (Figure 33D) all contain the reaction assemblage, but 
sample 81 also contains garnet. This suggests that at more Fe-rich 
compositions in Zone V, a Hornblende-Out (Gar) reaction occurred: 

Sq 134 Hbl + 87 Qtz = 
78 Gar + 227 CPX + 54 Plag(An4) + 39 Bio + 19 Ilm + 
100 H20• 

This reaction is separated from the Hornblende-Out (OPX) 7q reaction by 
a discontinuous reaction in plagioclase projection: 

9q 14 Hbl + 123 Gar + 37 CPX + 145 Qtz = 
199 OPX + 1-:35 Plag (An95) + 4 Bio + 1 Ilm + 10 H20, 

which is the assemblage in sample 81 (Figure J3D). Note, however, that 
this reaction does not fit the topology of Figure 33D: Hbl + Gar = OPX 
+ CPX + H20• Such are the perils of simplified projections. 

In summary, in Figure 32 and in Figures 33A to 33D, there are 
seven reactions constrained to some degree by analytical data. These 
reactions, 1q through 7q, are all continuous Fe-Mg reactions which 
proceed from low to high Xmg compositions. However, the orderly 
prograde progress of the reactions is somewhat obscured by the many tie 
lines and assemblages, and scarcity of certain assemblages. The 
complete set of continuous reactions that appears in plagioclase 
projection changes with increasing grade, due to a series of 
discontinuous reactions, to be discussed below. 

AC(FM) Albite Projections 

To illustrate the reactions discussed above more clearly, Figure 
34 shows selected data projected from albite onto the AC(F+M) plane. 
The reactions shown include the seven principal reactions 1q through 
7q, some equivalent quartz-absent reactions, and some important non
equivalent reactions. Simplified versions of the reactions are given 
with each figure. In Figure 34 the reactions appear discontinuous 
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Figure 34. Amphibole, garnet, and pyroxene data projected into the 
AC(FM) ternary system. Stippled fields are tie line bundles from 
various minerals to plagioclase. Data are split up into nine figures, 
A through I, showing data which pertain to the simplified reactions 
given in each figure. Plotting parameters are in molar cation 
proportions, as follows: 

A = ((Al+Fe+3-Na)/2)+Ti 
FM = Mg+Fe+2+Mn-Ti 
C = Ca 

Area of figures 

Cl ~~if ;~~ilf f '~M 



Figure 34, continued. 
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Figure 34, continued. 
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Figure 34, continued. 
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Figure 34, continued. 
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because the F-M join of the AFM system is collapsed to a single point. 

Figures 34A and 34B, showing the Cummingtonite-In reactions 1q and 
1, respectively, are essentially identical in topology: 

1 350 Anth + 143 Hbl + 358 Rut = 
393 Cum + 226 Plag(An56) + 398 Ilm + 100 H20 

Note that in comparison to reaction 1q, rutile and ilmenite have 
switched sides. The production of ilmenite frees silica for the 
production of silicates. Close inspection of Figure 33B shows that 
orientation of the 3-phase hornblende-anthophyllite-cummingtonite field 
for sample 62 is reversed from samples 64 and N, but this reversal is 
probably related to the amount of ferric iron calculated for these 
amphiboles (see Robinson et al., 1969). For example, if all iron is 
recalculated as ferrous in the sample 62 cummingtonite, it would lie 
just on the Fe-rich side of the anthophyllite-hornblende tie line. 

In Figure 34C the Cummingtonite-Out (Gar) reaction 2q is quite 
straightforward, appearing as the simplified discontinuous reaction: 

2q Cum + Plag = Hbl + Gar + Qtz + H20• 

In Figure 34D the Orthopyroxene-In (Ged) 3q reaction is rather less 
obvious because of overlapping bundles of tie lines to plagioclase. 
The actual Ged + Cum = OPX 3q reaction assemblage, which must be as 
shown in Figure 32B, can be chosen from among the data in Figure 34.D to 
arrive at the given balanced reaction. It is not clear that there is 
an equivalent quartz-absent reaction in the study area. 

Figures 34E and 34F show the terminal Cummingtonite-Out (OPX) 
reactions 4q and 4 for quartz-bearing and quartz-free assemblages, 
respectively. The quartz-absent reaction is: 

4 98 Cum + 8 An + 13 Ilm = 
11 Hbl + 321 OPX + 22 Ab + 100 H20. 

These reactions are difficult to visualize in Figures 34E and 34F 
because plagioclase, cummingtonite, and orthopyroxene are virtually 
colinear. The difficulty is resolved in the n-component space used to 
balance reactions. In both reactions the problem is resolved by having 
the An component on the H20-absent side of the reaction, and the Ab 
component on the H20-present side. Because of its composition, 
cummingtonite is converted almost quantitatively into orthopyroxene + 
H20 (+quartz in 4q). 

Figure 34G shows assemblages that pertain to the Gedrite-Out (Cum) 
reaction 3q, and the equivalent quartz-absent reaction which is: 

3 291 Ged + 6 An + 6 Bio = 
187 Gar + 196 Cum + 9 Ilm + 41 Ab + 100 H20• 
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Figure J4G also shows the assemblages pertaining to the quartz-present 
Gedrite-Out (OPX) reaction 5q, and the equivalent quartz-absent 
reaction: 

5 91 Ged + 23 An + 5 Bio = 
141 OPX + 93 Gar + 39 Ab + 158 Ilm + 100 H20• 

In Figure 34H, data for the quartz-free gedrite-orthopyroxene
garnet gneiss of sample 89 are plotted. This sample is apparently 
unique, the only reported gedrite from metamorphic Zone VI. The 
topology of this reaction shown by sample 89 is quite different from 
that of the Gedrite-Out (OPX) reactions 5q or 5 in Figure 34G, because 
the gedrite is much more aluminous and the garnet is more calcic, 
yielding the following reaction: 

10 84 Ged + 2 OPX + 59 An + 9 Bio = 
169 Gar + 49 Ab + 17 Ilm + 100 H20. 

Because of the reaction topology, orthopyroxene is consumed along with 
gedrite and anorthite component in the production of garnet. Somewhere 
between reactions 5 and 10, anorthite, gedrite, and garnet become 
colinear and the orthopyroxene reaction coefficient is zero when 
orthopyroxene switches sides. 

Figure 34I shows four hornblende-consuming reactions which are 
important for producing granulite facies assemblages. The quartz
present Hornblende-Out (OPX) 7q reaction has already been given. The 
equivalent quartz-absent reaction is: 

7 70 Hbl + 10 Bio = 
59 CPX + 105 OPX + 75 Plag(An84) + 30 Ilm + 100 H20. 

Because garnet is stable with respect to orthopyroxene at very Fe-rich 
compositions, as discussed above, an equivalent garnet-bearing reaction 
must occur at Fe-rich compositions. This is the Hornblende-Out (Gar) 
reaction 8q discussed above, and shown in Figure 34I. Separating 
orthopyroxene-hornblende and garnet-hornblende assemblages is a 
discontinuous reaction which appears in plagioclase projection to be: 

11q Hbl + Gar + Qtz = OPX + CPX + Plag + H20. 

However, the balanced reaction 9q places clinopyroxene on the H20-
absent side of the reaction, as discussed above. 

A-Ca-Na Orthopyroxene Projection 

The reactions described above all involve Fe-Mg exchange as the 
principal continuous variable in the continuous reactions at given P 
and T. In quartz-saturated systems the next most important continuous 
variable is probably the composition of plagioclase. In quartz-free 



systems, the activity of silica would be a third important variable. 
Because of this additional complication in quartz-free assemblages, 
attempts were made to elucidate the effect of plagioclase only in 
quartz-bearing systems. 
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Because of the lack of sufficient data for other assemblages, only 
the terminal breakdown of hornblende was examined in detail. Figure 35 
is an orthopyroxene projection onto the A-Ca-Na plane, with all data 
from Zone VI quartz-bearing samples plotted. The plagioclase solid 
solution is shown as a solid line connecting albite and anorthite. The 
occurrence of miscibility gaps, evident as unmixed calcic plagioclase 
in some crystal cores, in the plagioclase field were ignored (e.g., see 
Smith, 1983, for a discussion of plagioclase miscibility gaps). 

The data from Figure 35 are presented on the right hand side of 
Figure 36, with the interpretation of that data on the left. The best 
way to think of this figure is first as four isothermal slices out of 
the ACNFM system, becoming more Mg-rich from A to D (Xmg values are 
given in the figure). In slice A, at Fe-rich compositions, hornblende 
has already broken down by the discontinuous reaction: 

12q Hbl + Qtz = Gar + Plag + CPX + OPX + H20, 

which is somewhat analogous to the Hornblende-Out (Gar) reaction Sq. 
In slice B, hornblende is present at more magnesian compositions as, a 
result of this reaction. The three 3-phase fields in Figure 36B that 
now surround hornblende represent three remarkably similar continuous 
reactions, each of which expands the hornblende field in a particular 
direction as buL~ composition moves toward higher Xmg• Because low Ca 
garnet is not stable with hornblende or clinopyroxene at high Xmg at 6 
kbar, the plagioclase field in equilibrium with orthopyroxene must 
extend toward anorthite, shielding hornblende and clinopyroxene from 
garnet (Figures 36C and D) by way of two additional discontinuous 
reactions: 

13q Hbl + Gar + Qtz = GPX + OPX + Plag + H20, 

is the reaction which shields hornblende from garnet, and 

14q Gar + GPX + Qtz = Plag + OPX, 

which finally shields clinopyroxene from low Ca garnet. Thus, in 
Figure 36D hornblende is surrounded only by tie lines to clinopyroxene 
or to plagioclase, and by two 3-phase fields both representing the 
reaction: 

?q CPX + OPX + Plag + H20 = Hbl + Qtz, 

a simplified version of the Hornblende-Out (OPX) reaction. With 
increasing Xmg' these 3-phase fields move in opposite directions away 
from each other, producing hornblendes and plagioclases that are either 
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Figure 35. A-Ca-Na orthopyroxene projection showing metamorphic Zone 
VI data pertaining to the terminal breakdown of hornblende in quartz
bearing rocks. Plagioclase solid solution is shown as a line 
connecting anorthite and albite. Numbers correspond to analyzed 
samples from which the mineral compositions and tie lines came. 
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Figure 36. Orthopyroxene projection of some metamorphic Zone VI data 
and interpretations onto the A-Ca-Na plane, as in Figure 34. Figures 
A, B, C, and D are interpretations of phase relations based on the data 
in Figures A1 , B1 , C1 , and D', which are also shown in detail in Figure 
35. The sequence from top to bottom represents planes of increasing 
Xmg in the ACFMN system, or of increasing metamorphic grade from bottom 
to top. The discontinuous reactions separating parts A, B, C, and D 
and continuous reactions were balanced using the components: Ca, Na, 
Si, and the combined F+M and A components. 
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Figure 36, continued. 
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progressively more calcic or progressively more sodic. Note, however, 
that the two 3-phase fields in Figure 36C connect plagioclase 
compositions that are further apart than the same 3-phase fields in 
Figure 36D. The metamorphic grade of the samples on which Figure 36D 
is based may have been at slightly higher grade than those of Figure 
36C. 

In summary (also summarized in Robinson et al., 1982c), at low Xmg 
hornblende breakdown involves the three simplified reactions: 

15q Hbl + Qtz = Gar + Plag + OPX + H20, 
16q Hbl + Qtz = Gar + CPX + OPX + H20, 
7q Hbl + Qtz = Plag + CPX + OPX + H20, 

leading to the terminal reaction: 

12q Hbl + Qtz = Gar + CPX + Plag + OPX + H20• 

At high Xmg garnet will not be involved and the two nearly identical 
versions of the Hornblende-Out (OPX) reaction: 

7q Hbl + Qtz = Plag + CPX + OPX + H20, 

each with different plagioclase compositions, will finally consume 
hornblende. 

Summary of Amphibole Dehydration Reactions 

The reactions discussed above and other 
those discussed are summarized in Figure 37. 
plagioclase projections (Figure 37A) and show 
part of the projection only, as in Figure 33. 

reactions which relate to 
All of the diagrams are 
reactions in the lower 

At low metamorphic grade in central Massachusetts (Kyanite Zone 
and low Sillimanite Zone, 550-60o0 c), phase relations probably look 
something like Figure 37B. At intermediate to low Xmg compositions the 
only 3-phase fields are the orthoamphibole-garnet-cummingtonite field, 
corresponding to the Gedrite-Out (Cum) 3q reaction, and the 
orthoamphibole-cummingtonite-hornblende field, corresponding to the 
Cummingtonite-In reaction 1q. Very Mg-rich rocks with sufficient 
aluminum have hornblende-orthoamphibole-cordierite assemblages 
(Schumacher, 1983), but effects of these on phase relations in Zones 
IV, V, and VI are unknown and are ignored. In addition, I will ignore 
complications surrounding the orthoamphibole solvus, in part because of 
lack of data. My interpretation of the anthophyllite-gedrite pair in 
sample 77 as being of retrograde origin, suggests that at least by 
upper Zone IV or Zone V the orthoamphibole solvus is closed, consistent 
with the data of Robinson et al. (1971b; see, however, an alternative 
interpretation by Robinson et al., 1982c, p. 190-191). 

The first reaction in this system is probably: 



207 

2q Cum + Plag = Gar + Hbl + Qtz + H20, Figure J7C and D, 

the Cummingtonite-Out (Gar) reaction. This is probably followed by the 
appearance of orthopyroxene, which must be within an intermediate 
composition field. 

There are four possibilities for the appearance of orthopyroxene 
in this system. The first and the one I favor is its appearance within 
the cummingtonite-garnet-hornblende J-phase field of reaction 2q, by 
the reaction: 

17q Gar + Cum + Hbl + Qtz = OPX + Plag + H20, Figure J7E. 

This reaction splits the single J-phase field into three J-phase fields 
(Figure J7F), representing the reactions: 

18q Cum + Gar = OPX + Plag + Qtz + H20, 
4q Cum + An = OPX + Hbl + Ab + Qtz + H20, 
19q Hbl + Gar + Qtz = OPX + Plag + H20. 

These J-phase fields then move apart with increasing grade (Figure 
J7G). 

The second of the four possible reactions by which orthopyroxene 
could appear involves its appearance within the orthoamphibole
cummingtonite-garnet J-phase field. This is considered highly unlikely 
because Mg-rich orthopyroxene is not known to occur in quartz-bearing 
rocks until metamorphic Zone VI. Mg-rich orthopyroxene associated with 
anthophyllite occurs in olivine-bearing metamorphosed ultramafic rocks 
in Zone II (Wolff, 1978). Fe- and Mn-rich orthopyroxene has been found 
in a grunerite-olivine-garnet assemblage without quartz in Zone II 
(Huntington, 1975). 

The third and fourth of the four possible reactions for the first 
appearance of orthopyroxene would occur as singularities by the 
reactions: 

18q Cum + Gar = OPX + Plag + Qtz + H20, 

on a tie line in the cummingtonite-garnet field, or: 

19q Hbl + Gar + Qtz = OPX + Plag + H20, 

on a tie line in the hornblende-garnet field, on opposite sides of the 
cummingtonite-hornblende-garnet J-phase field of the Cummingtonite-Out 
2q reaction (Figure J7D). 

Orthopyroxene appearing by either reaction 18q or 19q requires 
colinearity of garnet, orthopyroxene, and cummingtonite or hornblende. 
A nearly colinear set of garnet, cummingtonite, and orthopyroxene with 
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Figure 37. Summary of phase relations in mafic rocks shown in 
plagioclase projection (A) in quartz-bearing rocks from low to high 
metamorphic grade (B to R). Complications associated with the 
orthoamphibole solvus are ignored. Note that many parts of these 
diagrams are speculative. Arrows show the direction of movement of the 
3-phase fields with increasing temperature. Discontinuous reactions 
are labeled in the various figures. Continuous reactions are as 
follows: 

Reaction 
1q Oam + Hbl + Qtz = Cum + Plag + H20 
2q Cum + Plag = Gar + Hbl + Qtz + H20 
3q Oam + Qtz = Gar + Cum + Plag + H20 
4q Cum + An = OPX + Hbl + Ab + Qtz + H20 
5q Oarn + An + Qtz = OPX + Gar + Ab + H20 
6q Oarn + Cum = Qtz + OPX + Plag + H20 
7q Hbl + Qtz = CPX + OPX + Plag + H20 
8q Hbl + Qtz = OPX + Gar + Plag + H20 

14q Gar + CPX + Qtz = OPX + Plag 
18q Cum + Gar = OPX + Plag + Qtz + H20 
19q Hbl + Gar + Qtz = OPX + Plag + H20 
22q Oam + Hbl + Qtz = OPX + Plag + H20 

.:-= .. :.::-.:~;:/:::'·'T::::-:::':'~ Area . . :\·'':/.'.::::o.::.:'.;.:.:i:'/''''~ of figures 

~~{~Wf )J,sJ.,Jtit?~,i~;1~'}J1f@f i1Jr 



Figure 37, continued. 
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Figure 37, continued. 
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Figure 37, continued. 
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an Xmg of about 0.6 can be seen in Figure 33C, sample 78, which also 
has gedrite but lacks quartz. In the same figure, however, sample 74a 
has orthopyroxene and cummingtonite compositions which prohibit 
colinearity. The occurrence of cummingtonite more Mg-rich than 
coexisting orthopyroxene (Xmg about 0.4) in sample 74a precludes a 
first appearance of orthopyroxene at higher Xm • I would suggest, 
therefore, that cummingtonite, garnet, and ort~opyroxene are unlikely 
to ever be colinear in quartz-bearing rocks. In Figure 33D, the 
hornblende-orthopyroxene tie line for sample 86 and the orthopyroxene
garnet tie lines for samples 85 and 88 are nearly parallel, suggesting 
that orthopyroxene could have first appeared on a hornblende-garnet tie 
line. However, the field of orthopyroxene is already well established 
in Zone VI (Figure 33D, and in no quartz-bearing sample are all three 
minerals nearly colinear. Therefore, I consider it unlikely that 
orthopyroxene first appeared as a singularity in either the garnet
cummingtonite or the garnet-hornblende fields. 

At this point in Figure 37G, what occurs at Fe-rich compositions 
is difficult to coordinate with what occurs at Mg-rich compositions. 
Fe-rich hornblende must begin breaking down to almandine-rich garnet + 
clinopyroxene (Figure 37H) by the Hornblende-Out (Gar) reaction Sq, 
which proceeds until its J-phase field collides with the Gar + Hbl = 
OPX reaction 19q, already in Figure 37G, producing the reaction: 

13q Hbl + Gar + Qtz = CPX + OPX + Plag + H20, Figure 37I, 

which has been documented in the Adirondacks (Jaffe, et al., 1978, 
Figure 5, sample P0-17). This reaction produces the terminal 
Hornblende-Out (OPX) reaction 7q, and reaction 14q: 

14q Gar+ CPX + Qtz = OPX + Plag, Figure 37J, 

which is a 3-phase field separating garnet-clinopyroxene from garnet
orthopyroxene and orthopyroxene-clinopyroxene granulite facies 
assemblages. Reaction 14q involves only anhydrous minerals, and thus 
will only respond sluggishly to changes in temperature. 

When the Cum + Gar = OPX reaction 18q collides with the Gedrite
Out (Cum) 3-phase field of reaction 3q, another discontinuous reaction 
occurs: 

20q Cum + Gar + Plag = Ged + OPX + H20, Figure 37K. 

This introduces orthopyroxene to orthoamphibole and creates two new 3-
phase fields (Figure 371): gedrite-orthopyroxene-garnet corresponding 
to the Gedrite-Out (OPX) reaction 5q, and gedrite-cummingtonite
orthopyroxene corresponding to the Orthopyroxene-In (Ged) reaction 6q. 
Reaction 6q, a strong dehydration reaction, proceeds rapidly left with 
increasing temperature, and in Figure 37M intersects the weaker 
Cummingtonite-In dehydration reaction 1q, producing the discontinuous 
reaction: 
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21q Dam + Cum + Plag = OPX + Hbl + Qtz + H20, Figure J?M. 

This postulated reaction has the interesting effect (Figure J7N) of 
producing a second Cummingtonite-Out (OPX) reaction 4q which is a twin 
to the 4q reaction in Figures J7G to 37M, such that the terminal 
cummingtonite composition (Figure 370) is colinear with hornblende and 
orthopyroxene in an intermediate composition field. Such a colinearity 
seems to be a consequence of crystal chemical constraints on 
cummingtonite composition (Peter Robinson and Bernard W. Evans, 
personal communication, 1982). Finally, orthoamphibole loses contact 
with hornblende (not a terminal reaction) when the reaction: 

22q Dam + Hbl + Qtz = OPX + Plag + H20, Figure 37P, 

reaches the Mg-sideline (Figure J7Q). This should be closely followed 
by the terminal Hornblende-Out (OPX) reaction 7q (Figure J7R) for pure 
Mg hornblende, leading to the completely amphibole-free phase relations 
of Figure J7R. 

REACTIONS IN T-Xmg SPACE 

Of all the reactions discussed, only the following are closely 
enough constrained by chemical data to attempt to fix reaction loops 
with respect to temperature and Mg/(Mg+Fe+2) ratio (T and Xmg): 

1q Dam + Hbl + Qtz = Cum + Plag + H20, 
4q Cum + An = OPX + Hbl + Ab + Qtz + H20, 
7q Hbl + Qtz = CPX + OPX + Plag + H20• 

These reactions can be approximately located with respect to 
temperature using the estimated temperatures given in Table 26. 

The way these reactions can be constrained is shown schematically 
in Figure JS, where the reaction loop for reaction 4q is plotted with 
TOC vs. Xmg• The dots and triangles in Figure 38 schematically 
represent analyzed mineral compositions. Sample A contains both 
cummingtonite and orthopyroxene, and their compositions are joined by a 
tie line. This fixes the reaction loop at the. estimated temperature. 
Sample B does not contain cummingtonite, suggesting that reaction 4q 
has already passed through its bulk composition. Conversely, the lack 
of orthopyroxene in sample C suggests that reaction 4q did not reach 
its bulk composition. The mineral compositions and estimated sample 
temperatures serve to constrain reaction loop positions in a manner 
analogous to experimental reaction brackets. 

Using the above method, reactions 1q, 4q, and 7q have been 
approximately located in T-Xmg spaqe, shown in Figures 39, 40, and 41, 
respectively. These are essentially isobaric sections taken through 
the composition field separating hornblende from cummingtonite and/or 
orthopyroxene as shown in the plagioclase projections of Figure 32. 
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Figure J8. Cartoon of the reaction 4q: 

Cum + Plag = Hbl + OPX + Qtz + H20, 

showing how the reaction loops in Figures 39, 40, and 41 were 
constrained. The reaction loop assemblage consists of hornblende, 
cummingtonite, orthopyroxene, quartz, plagioclase, and fluid. 
Assemblages to the left of the loop contain no orthopyroxene, and those 
to the right have no cummingtonite. Sample A has the reaction 
assemblage, fixing the reaction loop at that temperature. Samples B 
and C serve to constrain the position of the loop at lower 
temperatures. 
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The reaction loops in Figures 39, 40, and 41 are each constrained by 
the Mg/(Mg+Fe+2) ratios in two minerals, as discussed below. 
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In Figure 39 the Cummingtonite-In loop of reaction 1q is 
constrained by compositions of anthophyllite in hornblende
anthophyllite assemblages on the high Xmg' low temperature side, and by 
cummingtonite compositions in hornblende-cummingtonite assemblages on 
the low Xmg' high temperature side. The loop must also lie at higher 
Xmg or lower temperature than cummingtonite in cummingtonite-garnet 
assemblages (sample 63) and orthopyroxene-bearing assemblages (samples 
72, 75, and 79). Samples N, 62, and 64, the only ones having the 3-
phase hornblende-anthophyllite-cummingtonite assemblage, are quartz
free. Because quartz occurs on the H20-absent side of Cummingtonite-In 
reaction 1q, the equivalent quartz-absent reaction 1 must occur at 
higher temperature. Samples N and 64 do in fact lie at higher 
temperatures than the estimated quartz-present reaction loop. Quartz
bearing rocks occur within a meter or so of sample 62, so the fact that 
this sample lies within the quartz-present loop in Figure 39 suggests 
Si02 activity at this location may have been near unity. 

In Figure 40 the Cummingtonite-Out (OPX) loop of reaction 4q is 
constrained on the high Xmg' low temperature side by cummingtonite 
compositions in cummingtonite-hornblende assemblages, and on the low 
Xm , high temperature side by orthopyroxene compositions in 
or~hopyroxene-hornblende assemblages. The reaction loop must also lie 
at lower Xmg or higher temperature than hornblende-orthoamphibole 
assemblages such as sample 65b, and at higher Xmg or lower temperature 
than hornblende-orthopyroxene-clinopyroxene assemblages in samples 80, 
81, and 86. Note that one Oummingtonite-Out (OPX) reaction 4q 
assemblage was found in sample 74a. Because quartz occurs on the H20-
present side of the reaction, the equivalent quartz-absent reaction 4 
must occur at lower temperature. The reaction 4 assemblage in sample 
82 is indeed projected to lie below the Cummingtonite-Out (OPX) loop of 
reaction 4q. Interestingly, the reaction loop is also projected to 
occur at higher temperature than the hornblende-orthopyroxene 
assemblage in sample 79. This suggests that the reaction loop may 
crest at a temperature maximum, as discussed above (Figure 370), at a 
point between samples 79 and 82. This notion will be discussed further 
below. 

In Figure 41 the Hornblende-Out (OPX) loop of reaction 7q is 
constrained on the high Xmg' low temperature side by hornblende 
compositions in clinopyroxene-free hornblende-orthopyroxene assemblages 
and cummingtonite-bearing assemblages, and on the low Xmg' high 
temperature side by the orthopyroxene composition in the hornblende
free clinopyroxene-orthopyroxene assemblage of sample 87. There are 
three good examples of the actual reaction assemblage in samples 80, 
81, and 86. Because quartz occurs on the H20-absent side of the 
Hornblende-Out (OPX) reaction 7q, the equivalent quartz-absent reaction 
7 assemblage in sample 83 occurs at higher temperature. One glaring 
difficulty in locating the reaction loop in Figure 41 is the 



Figure 39. T-Xma diagram showing assemblages which constrain the reaction loop for the Cummingtonite
In reaction 1q. 
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Estimated temperatures for the samples are from Table 26. Right-pointing arrows 

represent orthoamphibole compositions which constrain the 1q reaction loop to lower Xm , and right
pointing arrows represent cummingtonite or orthopyroxene compositions which constrain ~he 1q reaction 
loop to higher Xmg• The boxes represent Oam-Cum-Hbl reaction assemblages, with orthoamphibole and 
cummingtonite compositions delimiting the left and right sides, respectively, of the boxes. Closed 
symbols are for quartz-bearing assemblages, and open symbols are for quartz-free assemblages. 
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Figure 40. T-Xmg diagram showing assemblages which constrain the reaction loop for the Cummingtonite
Out (OPX) reaction 4q. Estimated temperatures for the samples are from Table 26. Right-pointing 
arrows represent cummingtonite or orthoamphibole compositions which constrain the 4q reaction loop to 
lower Xmgi and right-pointing arrows represent orthopyroxene compositions which constrain the 4q 
reaction loop to higher Xmg• The boxes represent Cum-OPX-Hbl reaction assemblages, with cummingtonite 
and orthopyroxene compositions delimiting the left and right sides, respectively, of the boxes. 
Closed symbols are for quartz-bearing assemblages, and open symbols are for quartz-free assemblages. 
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Figure 41. T-Xmg diagram showing assemblages which constrain the reaction loop for the Hornblende-Out 
(OPX) reaction ?q. Estimated temperatures for the samples are from Table 26. Right-pointing arrows 
represent hornblende compositions which constrain the 7q reaction loop to lower Xmg' and the right
pointing arrow represents an orthopyroxene composition which constrains the 7q reaction loop to higher 
Xmg• The boxes represent Hbl-OPX-CPX reaction assemblages, with hornblende and orthopyroxene 
compositions delimiting the left and right sides, respectively, of the boxes. Closed symbols are for 
quartz-bearing assemblages, and open symbols are for quartz-free assemblages. 
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hornblende-orthopyroxene-clinopyroxene assemblage in sample 84, located 
at an even lower temperature than the Cummingtonite-Out (OPX) reaction 
4q in Figure 40. The isotherms used to estimate temperature for sample 
84 are severely extrapolated and probably in error relative to the 
other samples. 

The three reaction loops of Figures 39, 40, and 41 are summarized 
in Figure 42 (solid lines), but with some extrapolation and 
interpretation. Additional reactions, which pertain to reactions 1q, 
4q, and 7q and are discussed above, are also included (dashed lines). 

Orthopyroxene first occurs in the silica-saturated A-F-M 
plagioclase projections within the Cummingtonite-Out (Gar) reaction 2q 
field (Figure 37E), by the reaction: 

17q Gar + Cum + Hbl + Qtz = OPX + Plag + H20, 

also shown in Figure 42. Two continuous reactions derive from this 
reaction in the Figure 42 plane of section: the Cummingtonite-Out (OPX) 
reaction 4q, which proceeds toward high Xmg' and the Orthopyroxene-In 
(Gar, Hbl) reaction 19q, which proceeds toward lower Xmg• 

As shown in Figure 371 and J?M, where the slow Cummingtonite-In 
reaction 1q and fast Orthopyroxene-In (Ged) reaction 6q meet they 
produce a new discontinuous reaction: 

21q Oam + Cum + Plag = OPX + Hbl + Qtz + H20• 

Reaction 6q is out of the plane of the T-Xmg section of Figure 42, but 
the result in the plane of section is that the Cummingtonite-In 
reaction 1q ends and two new continuous reactions are derived from 
discontinuous reaction 21q. In Figure 42 these reactions diverge from 
the top of the reaction 1q loop at about 680°C. One of the two 
continuous reactions is a second Cummingtonite-Out (OPX) loop of 
reaction 4q identical to the first but proceeding in the opposite 
direction (See Figure J?N). The two Cummingtonite-Out (OPX) 4q 
reactions converge at a temperature maximum at about 685°C with a 
terminal cummingtonite composition of about Xm = 0.68. The other 
continuous reaction that springs from the 21q ~iscontinuous reaction in 
Figure 42 is: 

22q Oam + Hbl + Qtz = OPX + Plag + H20, 

shown in Figures J?N, 370, and 37P, and is estimated to reach the Mg 
sideline at about 690°c. 

A value of Xmg = 0.68 for the terminal cummingtonite composition 
is very close to an ordered cummingtonite composition: 

Fe2Mg5Sia0~2(0H)2 
(Xmg = 0.714), suggesting that Fe+ -Mg ordering into crystallographic 
sites stabilizes this intermediate composition over the Mg-end member. 



Figure 42. Summary T-Xmg diagram of Figures 39, 40, and 41, showing the estimated positions of 1q, 
4q, and 7q reaction loops (solid lines). Also shown are schematic reaction loops which pertain to 
these reactions (dashed lines). All continuous reactions represented by reaction loops and all 
discontinuous reactions represented by horizontal lines are labeled. Minerals which constrain the 
loops are given adjacent to the limb of each loop in small letters. Mineral abbreviations in boxes 
represent assemblages in the divariant regions between reaction loops. See text for details. 
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Referring back to the first occurrence of orthopyroxene by the 
reaction 17q within the Cummingtonite-Out (Gar) reaction 2q field 
(Figures 37E and 42), the resulting continuous Orthopyroxene-In (Gar, 
Hbl) reaction 19q proceeds toward lower Xm with increasing 
temperature. This reaction eventually mee~s the continuous Hornblende
Out (Gar) reaction 8q, which originates at the Fe sideline, resulting 
in the reaction: 

13q Hbl + Gar + Qtz = CPX + OPX + Plag + H20. 

This reaction results in two ·'additional continuous reactions. One is 
the Hornblende-Out (OPX) reaction 7q, which is the terminal reaction 
for hornblende in quartz-bearing rocks and is projected to intersect 
the Mg sideline at about 720°C. The other continuous reaction is the 
anhydrous reaction: 

14q Gar + CPX = OPX + Plag, 

which proceeds slowly with increasing temperature toward lower Xmg• 

K-FELDSPAR - PRODUCING REACTIONS 

True granulite facies assemblages of quartz - K-feldspar -
orthopyroxene .± garnet were first found in central Massachusetts during 
the course of this study (Figure 43). The two samples (85 and 88) 
which still contain K-feldspar as discrete crystals have the assemblage 
quartz - plagioclase - K-feldspar - biotite - garnet - orthopyroxene. 
The biotite breakdown reaction responsible for the formation of 
K-feldspar in these rocks may be written: 

23q 99 Bio + 11 Plag(An30) + 195 Qtz = 
97 Ksp + 73 OPX + 23 Gar + 25 Ilm + 100 H20, 

assuming no Ba or Ca in the K-feldspar (see Table 45, Appendix 6). 
This is called the K-feldspar-In (Gar) reaction. 

In several hornblende- and clinopyroxene-bearing samples (81, 84, 
86, 87), no K-feldspar has been found except as coarse exsolution 
lamellae within plagioclase. However, in these four samples, as well 
as in sample 88, quartz-biotite symplectites occur (Figure 44), which 
are interpreted as the result of a local retrograde hydration of 
K-feldspar by the reaction: 

24q 105 Or + 104 OPX + 23 Ilm + 3 Ab + 95 H20 = 
95 Bio + 261 Qtz, 

called the K-feldspar-Out reaction. If this interpretation is correct, 
then samples 84, 86, 87, and 88 with orthopyroxene-clinopyroxene
hornblende, garnet-free assemblages had K-feldspar in the prograde 
assemblage, probably produced by a reaction such as: 



Figure 43. Projection from plagioclase and K-feldspar into the AFM 
ternary plane for samples having K-feldspar (85 and 88), or samples 
which have quartz-biotite symplectites as textural evidence that 
K-feldspar occurred in the prograde assemblage (81, 84, 86, and 87). 
Samples 81, 84, 86, and 87 also contain clinopyroxene, tie lines to 
which were omitted for clarity. 
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Figure 44. Sketch from a thin section of sample 84, showing the 
quartz-biotite symplectite, which is postulated to be a retrograde 
product after K-feldspar, by reaction 24q: 

Ksp + OPX + Ilm + H20 = Bio + Qtz 

Biotite plates of probable prograde origin are shown on the left and 
lower right parts of the sketch. B = Biotite, H = Hornblende, I = 
Ilmenite, 0 = Orthopyroxene, P = Plagioclase, Q = Quartz, Z = Zircon. 
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25q 266 Bio + 305 CPX + 110 Plag(An30) + 385 Qtz = 
233 Or + 166 Hbl + 99 OPX + 45 Ilm + 100 H20, 

called the K-feldspar-In (CPX,Hbl) reaction. 

An attempt to fix reaction 23q in T-Xmg space similar to reactions 
1q, 4q, and 7q in Figures 39, 40, and 41 was unsuccessful because of 
the limited number of 23q assemblages, and because the T-Xmg data are 
not very coherent. However, the 23q reaction loop defined oy the 
compositions of orthopyroxene and biotite passes through Xmg = 0.5-0.6 
at about 700-720°0. 

COMPOSITION OF METAMORPHIC FLUID 

The Cummingtonite-Out (OPX) reaction 4q involves four relatively 
simple phases: quartz, H20 in the metamorphic fluid, cummingtonite, and 
orthopyroxene. The quantities of plagioclase, hornblende, and possibly 
biotite and Fe-Ti oxides involved are small. Because of their crystal 
chemical simplicity, the structural formulae of cummingtonite and 
orthopyroxene are relatively easily calculated from electron probe 
data, and they generally have very small ferric iron corrections. In 
addition, the partitioning of Fe and Mg between these two minerals is 
very small, resulting in a very narrow reaction loop. 

The above qualities of the Cummingtonite-Out (OPX) reaction 4q 
mean that progress of the reaction is sensitive principally to T and 
aH20 and relatively insensttive to rock oxidation state, plagioclase 
composition, or other parameters. Reaction 4q, therefore, could in 
principle be used as a geothermometer/H20 geobarometer. If regional 
metamorphic pressures are known, then the dehydration reaction buffers 
fluid composition along a series of curves in T-XH20 space, where Xff20 
is the mole fraction of HzO in the metamorphic fluid. 

The equation for a line running up the middle of the reaction 4q 
reaction loop in Figure 43 is defined by the equation: 

A) T0 c = 148Xmg + 586, 

between Xmg of about 0.3 and 0.65. Recent experimental data have been 
published lFonarev and Korolkov, 1980) for the reaction: 

26q Cum = OPX + Qtz + HzO. 

These experiments were conducted in H20-saturated systems at 2.94 and 
4.9 kbar over the range of Xm from 0.2 to 0.5. I have taken lines 
passing through the centers or the reaction loops for reaction 26q from 
their Figures 4 and 6, which pass through the following points: 



Xmg 
0.20 
0.30 
0.40 
0.50 

2.94 kbar 
714°c 
736 
759 
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.4·9 kbar 
735oc 
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747°c 
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788 
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The extrapolated values at 6 kbar serve as XH20 = 1 end points for X g 
reaction isopleths in an isobaric (6 kbar) T-XH20 section (Figure 45). 
The reaction isopleths were calculated from these end points assuming 
ideal mixing in the fluid phase and no change in entropy with 
temperature. The change in entropy for the reaction over the 
temperature range of interest is of little importance (Skippen and 
Carmichael, 1977, p. 119). The positions of the curves would change 
little with more precise calculations. 

The circles, connected by heavy straight lines in Figure 45, are 
the intersections of the Cummingtonite-Out (OPX) loop of reaction 4q, 
as defined by equation (A) above, with the T-XH20 isopleths. The 
locations of these intercepts suggest that XH20 in the metamorphic 
fluid in the area during peak metamorphism was between 0.35 and 0.38, 
based on the the Thompson (1976) geothermometer used exclusively in 
this chapter, and given in Table 36. The usefulness and accuracy of 
this thermometer is supported by recent calculations for solution 
models of Al and Ti in biotite and Mn and Ca in garnet at granulite 
facies conditions (Indares and Martignole, 1985, their Figure 5). A 
different geothermometer affects the position of the intercepts in 
Figure 45, thereby affecting the estimate of XH20• The Ferry and Spear 
(1978) thermometer was also used to get a second set of intercepts in 
Figure 45. The temperatures in Table 26 and equation (1) were 
recalculated using the relationship: 

B) 
( 

Ferry and Spear ) 
(1978) estimated = 

temperature (6 kbar) 
(

Thompson ( 197 6 )') 
1.370 .estimated - 183 

·c,emperature 

This equation was derived by linear regression using the two 
geothermometers and the Fe/Mg garnet/biotite distribution coefficients 
in Tracy et al. (1976, Table 3). The new intercepts for reaction 4q in 
Figure 45 occur at higher temperature and thus at higher XH20t ranging 
from about 0.50 to 0.53. The lines connecting the intercepts are 
nearly vertical, suggesting that, regardless of the geothermometer 
used, XH20 was relatively constant throughout the region in rocks with 
reaction 4q assemblages or related assemblages. 

Although these calculations are rather crude, it should be clear 
that XH20 in the metamorphic fluid was substantially <1. That XH20 
must have been <1 is evident from melting experiments done on rocks of 
basaltic composition similar to those studied here. For example, Helz 
(1976) reported experiments conducted on basalts at 5 kbar PH20, which, 
at the run conditions, were transformed into experimental analogs of 
amphibolites and pyroxene granulites. In runs conducted at 700-725oc, 



Figure 45. T-XH20 diagram showing calculated isopleths (thin curved 
lines) for reaction 26q: 
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Cum = OPX + Qtz + H20, 
based on the pure H20 experiments of Fonarev and Korolkov (1980). 
Calculated isopleths correspond to the middle of the cummingtonite
orthopyroxene reaction 26q loop. Heavy straight lines are the 
intersections of the Cummingtonite-Out (OPX) reaction 4q loop in Figure 
42 with the isopleths, using the Thompson (1976) and Ferry and Spear 
(1978) Fe/Mg garnet-biotite geothermometers. The intersections yield 
estimates of XH20 in the metamorphic fluid. 

800 

T°C 

700 

/Bulk Mg/(Mg+Fe+2) 

0.5 

0.2 

Cummingtonite -out 
reaction loop 

/ 
Ferry +Spear 

....-- thermometer 

Thompson 
thermometer 

/ 

600a..........-J....--...__,__ __ '----L---~~....._--------
l.O 

XH20 
0.5 0 



227 

the degrees of partial melting in the samples ranged from 6 to 10%, 
depending on bulk composition and oxygen fugacity. Although such 
degrees of partial melting are locally evident (e.g., sample 87, Zone 
VI), most of the rocks analyzed in this study had either no evidence of 
melting, or partial melting on the order of 1% (e.g., samples 70, 72, 
74, 75, and 76). Unfortunately, the limited range of Xmg for reaction 
4q for data collected in this study, the crudely known metamorphic 
temperatures, and the complexity of the natural cummingtonite breakdown 
reaction compared to the simple experimental system, make the 
usefulness of reaction 4q as a geothermometer/H20 geobarometer of 
marginal value at this time. 

THE OCCURRENCE OF HOGBOMITE 

Hogbomite is an aluminous oxide mineral with a structure that can 
vary depending on the stacking order parallel to .£, resulting in both 
trigonal and hexagonal polytypes. The composition and structural 
formula are complex (see Table 40) because of the stacking of variable 
thickness of spinal-like M+2Al204 sheets between TiAl408 sheets. This 
stacking variation results in a solid solution series between spinal: 

(~2Al204)8, 
with 24 cations and no Ti, and a theoretical hogbomite end member: 

(M+2Al204)6(TiAl408), 
with 23 cations and one Ti (Essene et al., 1982). The solid solution 
series is related by the exchange component M+22Ti_1• Ferric iron was 
estimated by recalculating the all ferrous, 32 oxygen formula so that 
the new formula lay on a line between the 24 cation, zero Ti and 23 
cation, one Ti end member compositions. Note that most or all 
hogbomite is now considered to be anhydrous (John Schumacher, personal 
comm1L~ication, 1985), in contrast to the hydrous formula assumed in a 
recent hogbomite structural study by Gatehouse and Gray (1983). 

Hogbomite occurs in sample 78, which is a plagioclase-gedrite
biotite-orthopyroxene-cummingtonite-ilmenite gneiss, bearing numerous 
garnets up to 1.5 cm across. The hogbomite occurs in aluminous 
enclaves within garnet interiors, in the assemblage garnet-plagioclase
spinel-magnetite-ilmenite-hogbomite. Magnetite, spinal, and hogbomite 
occur only within garnet and not in the matrix. A sketch of one of 
these enclaves is shown in Figure 46. 

In addition, close inspection of the garnet surrounding the 
enclaves revealed tiny, colorless, length-slow, ovoid inclusions, about 
5-15 um long, with birefringence up to first order white. These are 
interpreted to be relic sillimanite. If this is correct, then a 
reaction may be written involving all seven minerals: 

27 128 Sil + 6 An + 723 Spinel + 84 Ilm = 
47 Gar + 17 Mag + 100 Hog. 

Because sillimanite is found only as relics within garnet, this 
reaction must have proceeded to the right to consume all available 
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Figure 46. Sketch of a hogbomite-bearing aluminous enclave in a thin 
section of sample 78 (78b). G =Garnet, H = Hogbomite, I= Ilmenite, M 
=Magnetite, P = Plagioclase, S =Spinal, and Si= Sillimanite (?). 

,__ ________ __, 0.5 mm 
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sillimanite. 

A second reaction involving only the oxide phases may be written: 

28 232 Hem + 78 Ilm + 817 Spinel = 
248 Mt + 100 Hog, 

where Hem and Ilm are the pure Fe203 and FeTi03 components in ilmenite. 

I interpret the textures in the hogbomite-bearing enclaves as 
indicating that the hogbomite is prograde in origin, suggesting that 
hogbomite was produced by either reaction 27 or reaction 28 during 
prograde metamorphism. Reaction 28 could proceed to the left, however, 
during retrograde metamorphism to consume hogbomite. Retrograde 
hogbomite on spinal has been noted in Precambrian cordierite-gedrite 
gneisses in Colorado (Gable and Sims, 1969, p. 51). Unfortunately, 
without further data from other samples, the chemography of these 
aluminous enclaves will remain intractable. 

SUMMARY AND CONCLUSIONS 

Amphibole and pyroxene assemblages in quartz-bearing mafic rocks 
in central Massachusetts having intermediate Mg/(Mg+Fe+2) ratios define 
a facies series at intermediate to high metamorphic grades. The 
different assemblages are separated by continuous reactions which, in 
metamorphic Zones V and VI, transform amphibolites into pyroxene 
granulites. These reactions and facies are as follows: 

A) Hornblende-Orthoamphibole (Mg-rich rocks) 
1q Oam + Hbl + Qtz = Cum + Plag + H20 

B) Hornblende-Cummingtonite 
4q Cum + An = Hbl + OPX + Ab + Qtz + H20 

C) Hornblende-Orthopyroxene 
7q Hbl + Qtz = CPX + OPX + Plag + H20 

D) Orthopyroxene-clinopyroxene or 
14q CPX + Gar + Qtz = OPX + Plag 

E) Clinopyroxene-Garnet (Fe-rich rocks) 

Mg-rich refers to bulk compositions with Xmg of about 0.55 and higher, 
Fe-rich refers to rocks with Xmg of about 0.4 and lower, at the 6 kbar 
pressure estimated for Acadian metamorphism in Central Massachusetts. 
This facies series occurs in central Massachusetts over a temperature 
range of about 575 to 715°C, estimated using the Thompson (1976) 
garnet-biotite geothermometer. 

In addition, two biotite dehydration reactions producing 
K-feldspar were identified in orthopyroxene-bearing rocks; one for 
garnet-bearing assemblages, and another for hornblende-clinopyroxene
bearing assemblages. Both of these reactions produce characteristic 
granulite facies assemblages of q~artz-plagioclase-K-feldspar-biotite
orthopyroxene. 
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Three of the reactions given above (1q, 4q, and 7q) were located 
in T-Xmg space using garnet-biotite thermometry in schists to estimate 
temperatures. Using other experimental data, reaction 4q was used to 
estimate the metamorphic fluid composition (XH20), which probably lies 
in the range XH20 = 0.35-0.55. 
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APPENDICES 

APPENDIX 1 

Table 41. List of crystal/liquid partition coefficients used in 
partial melting and crystal fractionation models. The first matrix 
gives the actual coefficients, and the second matrix gives the 
references, which are listed after the second matrix. Distribution 
coefficients for dacitic liquids were used wherever possible. 

Th La Nb Ce Zr Ti Sr y v 
Plag 0.018 0.22 0.025 0.2 O.OJ 0.05 2.5 0.06 0 
CPX 0.01 0.24 o.J 0.35 0.25 0.4 0.1 1.5 2 
Garnet 0 0.25 0.05 O.J 0.1 0.1 0.02 20 1 
Hbl 0.05 0.6 1.J 0.8 1.4 3 0.3 2.5 2 
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Olivine 0 0.007 0.01 0.007 0.01 0.03 0.01 0.01 0.04 
Ti-Mt 0.05 0.04 1 0.04 0.2 20 0 0.2 80 
Apatite 2 15 0.05 17 0.05 0.05 2 20 0 
OPX 0 0.04 0.35 0.05 0.08 0.25 0.02 0.45 1 .1 
Zircon 50 2.6 500 2.6 5000 1 0 60 10 

Plag 1 2 3 4 3 3 5 3 * 
CPX 6 7 3 4 3 3 8 3 9 
Garnet * 11 * 10 12 12 13 14 * 
Hbl * 16 3 15 3 3 17 3 * 
Olivine * 18 3 18 3 3 19 3 20 
Ti-Mt * 21 3 22 3 * * * 23 
Apatite * 25 26 24 26 26 21 3 * 
OPX * 19 3 27 3 3 28 3 9 
Zircon * 30 * 22 * * * 29 * 
* Value assumed by myself. 

References for distribution coefficient values 
1) Average of four sanidine values, (Mahood, 1981, his Table 4). 
2) Ce value* 1.1. 
J) Pearce and Norry (1979, their Table 1, "Intermediate"). 
4) Arth and Hanson (1975, their Table A2). 
5) Generalized from Ewart et al. (1973, average from their Table 4 = 

1.8J), Arth (1976, 2.8), Nagasawa and Schnetzler (1971, 2.9), 
Philpotts and Schnetzler (1970, 1.5 and 2.8). 

6) Rounded value after Irving (1978). 
7) Ce value * 0.85. 
8) Generalized from Philpotts and Schnetzler (1970, 0.06), Arth (1976, 

0.12), Condie and Hayslip (1975, 0.2). 
9) Ewart et al. (1973, average from their Table 5). 
10) Arth (1976), Schnetzler and Philpotts (1970). 
11) Ce value* 0.7. 
12) Pearce and Norry (1979) values * 0.2. 



Table 41, continted. 

13) Rounded values after Philpotts and Schnetzler (1970), Condie and 
Hayslip (1975), Arth (1976). 
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14) Generalized from Hanson (1980, 28.6), Arth (1976, 3.17), Condie and 
Hayslip (1975, 5-10 for Yb, which mimics Y), Pearce and Norry 
( 1979, 11). 

15) Generalized from Hanson (1980, 0.90), Schnetzler and Philpotts 
(1970, 0.094), Nagasawa and Schnetzler (1971, 1.2), Arth and Hanson 
(1975, 0.20), Arth (1976, 0.9). 

16) Ce value * 0.75. 
17) Generalized from Nagasawa and Schnetzler (1971, 0.06), Arth (1976, 

0.46), Condie and Hayslip (1975, 0.4). 
18) Arth and Hanson (1975, their Table A1). 
19) Condie and Hayslip (1975, their Table 3). 
20) Irving (1978). 
21) Allegre et al. (1977, their Table 1). 
22) Same as La. 
23) Ewart et al. (1973, average from their Table 7). 
24) Rounded average from Table 2 of Nagasawa and Schnetzler (1971). 
25) Ce value * 0.9. 
26) Pearce and Norry (1979, their Table 1, "Acid"* 0.5). 
27) La value* 1.2. 
28) Generalized from Philpotts and Schnetzler (1970, 0.02), Arth (1976, 

0.017), Nagasawa and Schnetzler (1971, 0.03), Arth and Hanson 
(1975, 0.017). 

29) Pearce and Norry (1979, their Table 1, "Other values"). 
30) Arth and Hanson (1975, their Table A3). 



APPENDIX 2 

Table 42. All available chemical analyses of pelitic schists from 
central Massachusetts. 

Footnotes: 
1 All iron given here as FeO. 
2 CIPW norms calculated with molar Fe+3/Fet = 0.03. 
3 Molar anorthite % in normative plagioclase. 
4 Molar Mg/(Mg+Fe+2) in normative silicates. 
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5 Differentiation Index: weight ratio of normative (Qz+Or+Ab)/Total. 
6 Average of three samples with similar sample numbers and chemical 

compositions from Shearer (1983, his Table 28). 
7 Average of two samples with similar sample numbers and chemical 

compositions from Shearer (1983, his Table 28). 
8 From Shearer (1983, his Table 28). 
9 Average of the seven schist analyses used for calculating the schist 

addition vector (see Table 19). 
10 From Table 18. 
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Table 42, continued. 

Littleton ••.•.•... Partridge Formation ••••.•.•..•.. Formation . . 
Sample Metl406 P3987 P2808 A66-18 A66-28 5810 5910 Average9 

Si02 59.13 54.94 66.42 68.93 68.41 78.62 59.82 65.18 
Ti02 1.51 1.47 .99 .73 . 72 .88 1. 54 1.12 
Al203 19.44 21. 93 15. 77 16.13 15.98 12.66 18.40 17.19 
Feol 11.05 10.44 5. 72 4.50 4.41 3.19 9.63 6.99 
MnO . 34 .15 .11 .06 .06 .03 .08 .12 
MgO 3.98 2.98 1.90 1.35 1.43 1.34 3.26 2.32 
Cao .49 .11 1.61 1.45 1.41 .30 .96 1.19 
Na20 .40 0.65 2.06 2.24 2.26 .60 1. 32 1.36 
K20 2.68 5.57 2.89 4.10 3.99 1. 76 3.57 3.51 
P205 .10 .07 .07 .17 .17 .05 .16 .11 -- -- -- -- --
Total 99.12 98.31 97.54 99.66' 98.84 99.43 98.75 99.09 

CIPW Norms2 
Qz 31.87 18.00 33.38 32.47 32.29 63.98 25.41 33.30 
Or 15.84 32.91 17.0B 24.23 23.58 10.40 21.10 20.74 
Plag 5.16 5.59 24.96 25.03 25.01 6.24 14.89 16.70 
Cor 15.23 14.80 6.49 5.78 5.79 9.34 11.00 9.25 
Hy 27.43 23.58 13.33 10.16 10.22 7.53 22.61 16.41 
Mt .53 .50 .28 .22 .21 .15 .47 .34 
llm 2.87 2.79 1.88 1. 39 1. 37 1. 67 2.92 2.13 
Ap .23 .16 .16 .40 .40 .12 .38 .26 --
Total 99.16 98.33 97.66 99.68 98.87 99.43 98.78 99.13 
An3 33.2 1.5 28.9 23.2 21.8 17.7 23.9 29.8 
MG~4 0.426 0.376 0.420 0.394 0.413 0.511 0.424 0.417 
DI 0.515 0.574 0.696 0.759 0.758 0.799 0.584 0.661 

Trace Elements (ppm) 
v 137 178 72 Bl 216 137 
Cr 95 139 48 50 107 88 
Ni 62 52 10 32 45 40 
Zn 175 167 81 85 115 125 
Ga 28 30 20 21 24 20 27 24 

Rb 125 200 165 164 123 55 156 141 
Sr 69 108 121 121 286 80 47 119 
y 45 38 18 18 22 21 32 28 
Zr 228 246 229 419 231 271 
Nb 23 23 16 15 21 20 

Ba 420 864 591 332 431 528 
La 10 24 
Ce 26 56 88 38 36 49 
Pb 26 11 14 17 
Th 14 8 10 11 
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APPENDIX 3 

Table 43. List of sample number synonyms. The left-most number is the 
simple number used in the tables. In parentheses after these numbers 
are alternate numbers for samples for which both electron probe and 
bulk chemical analyses are available. The next number is the correct 
sample number using the original numbers of Peter Robinson or Kurt 
Hollocher. The rest of the numbers on the right are correct sample 
numbers of Hollocher or others which do not correspond to those of 
Robinson, or incorrect (*) sample numbers, all of which may be written 
on some samples or thin sections. 

CHAPTER I 

Mafic Volcanics 
1(68) 
2a 
3a 
4a 
5a 
6 
7 
8a 
9 
10 
11 
12a 
13a 
14a 
15 
16a (69) 
17 
18 
19 
20 
21 
22a 
23 
24 
25 
26 
27a (60) 
28a 
29 
30 
31 
32 
33 
34 
35a 

WD-H26D 
WD-799R 
Q-H34A 
N30Y 
WD-799P 
WD-H26B 
Q-H30 
WD-507C 
WD-A70Y 
WD-A70X 
Q-H34B 
Q-945N 
WD-H27A 
Q-H33 
Q-6030 
Q-H20B 
Q-603A 
903 
WD-B32 
WD-N27 
WD-H22B 
A-H35 
Q-H11B 
WD-B30A 
WD-B31 
WD-507B 
WD-798M 
WD-798P 
WD-B29 
Q-942Z 
Q-942Y 
Q-C26X 
Q-603D 
WD-B28 
WL-12B 

Q-799R* 

Q-799P* 

WD-H37B, W-H37B* 

Q-798M* 
Q-798P* 

WL-HJ6B 



Table 43, continued 

Intermediate Volcanics 
36 WD-798N 
37 Q-591A 
38 Q-C25X 
39 WD-270B 
40 WN-10D 
41 WD-507D 
42 Q-660 

Falsie Volcanics 
43 WD-B36 

WD-B27A 
QB27C 
WD-270A 
WD-H22C 
WD-507A 
Q-942X 
WD-H22D 
Q-945M 
WD-H22E 

44 
45 
46 
47 
48 
49 
50 
51 
52 

CHAPTER II 

Various rock tyPes 
53 WD-799Nb 

WD-799M 
903 
HFW-140C 
HFW-140A 
HFW-140B 
WD-507F 

54 
55 
56 
57 (79) 
58 
59 

CHAPTER III 

Samples analyzed in this study 
60 (27a) Q-798Ma 
61 Q-H34C 
62 Q-J44R 
63 Q-C27N 
64 Q-C27M 
65 Q06D 
66 Q06A 
67 WD-H26C 
68 (1) WD-H26Da 
69 (16a) Q-H20B 
70 Q-603Ca 
71 Q-942W 
72 P-C97A 
73 P-C97B 

Q-798N* 

WNB-17 

WD-B27B 

Q-799Nb* 
Q-799M* 
WD-H37A, W-H37A* 

Q-C27M* 

Q-QD6D*, QD6D* 
QD6A* 

Q-799Qa* 
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Table 43, continued. 

74 
75 
76 
77 
78 
79 (57) 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 

Other anaJ.;v:ses 
A 
B 
c 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

WD-N27A 
903 
WD-507Eb 
WN-76Ye 
QW10A 
HFW140A 
HFW-662B 
HFW-662C 
HFW-307W 
WLS-218 
WN-10A 
WN-10C 
WL-11A 
WL-12Bb 
WL-12D 
WL-12C 

6A9X 
7A8BX 
2J14 
J87D 
155 
T59B 
K44C 
K44E 
498 
Q795 
NJOX 
N01A 
K34A 
QB27C 

WD-H36D, W-H36D* 

W-76Ye* 

WLB-218 

WL-H36Bb 
WL-H36C 

Analyses for lettered samples are from the following sources: 
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A, B, D, E, F, G, H, I, J, K, and N are from Robinson and Jaffe (1969). 
C is from Huntington (1975) 
L and M are from Wolff (1978) 
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APPENDIX 4 

Figure 47. Detailed sample locations for all samples analyzed and 
reported in this study, samples 1 through 89. The figure below shows 
the 1:25,000, 7.5 1 quadrangles from which samples came. Each 
quadrangle was divided into nine pieces, and the blacked in parts of 
each quadrangle, below, represent pieces which are reproduced in the 
following pages showing sample locations. 
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Winsor Dam Quadrangle 
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Wales Quadrangle 
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Figure 48. Outcrop-scale sample locations for samples 8a, 26, 41, 48, 59, and 76. 
reproduced from Figure 32 of Robinson et al. (1982b). 
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APPENDIX 5 

Table 44. Chemical analyses and calculated cation proportions of 
amphiboles and garnets in samples analyzed in other studies. Modes and 
plagioclase compositions are given in Table 29, and references for the 
samples are given in Table 43, Appendix 3. Ferric iron was estimated 
in the amphiboles as follows: 

Wet The analysis was done by wet chemistry and ferric iron was 
measured. 

A A constant ratio of (Na+K)A/(Na+K)t of 0.66 was assumed. 

15(NaK) A minimum ferric iron correction was taken, such that total 
cations excluding Na and K equaled 15 (15eNK). 

15T A ferric iron correction was taken, such that the total of all 
cations equaled 15. In this case, this was both a maximum and a 
minimum correction. 

15(K) A maximum ferric iron correction was taken, such that the total 
of all cations excluding K equaled 15 (15eK). 

none Total cations was less than 15, so ferric iron could not be 
estimated on a crystal-chemical basis. 

D A constant ratio of (Na+K)A/(Na+K)t = 0.79 was assumed. 

See Chapter III for more detailed discussions of specific assumptions 
with respect to amphibole ferric iron corrections. See also Robinson 
et al. (1982c). 



Mine ml Hornblende 

Sample A 13 D E F G 

44. 78 44:64 44-:Zo 44.00 - 44. 50 45.10 
TlOz .83 .97 (. 80) (. 80) (. 80) (.80) 
Alz03 13.33 9.95 15.90 15. 40 13.90 14. 20 
Fez03 3.32 4.94 6.47 5.34 6. 1 7 5.33 
FeO 10.67 17.25 6.47 10.59 10.25 10.00 
MnO . 31 .23 .20 .so .50 .30 
MgO 12.53 8.57 13. 70 11. 80 12.20 12.80 
Cao 9.81 9.45 10.90 10.00 10.20 10.20 
NazO 1. 80 1. 54 1.60 1. 40 l. 60 1.90 
K 0 .19 .31 ~) ~) _Ll..Q) _Ll..Q) 
Total 97.57 97.85 100.44 100.03 100.32 100.83 

Si 6.504 6.705 6.184 6.265 6.336 6.359 
Ti .091 .109 .084 .086 .086 .085 
Al 2.282 1. 762 2.622 2.584 2.333 2.360 
Fe+3 .363 .558 . 682 .573 .661 .566 
Fe+2 1. 296 2.167 . 758 1. 261 1. 220 1.180 
Mn .038 .029 .024 .060 .060 .035 
Mg 2. 712 1. 919 2.857 2.504 2.589 2.690 
Ca 1. 527 1. 521 1. 635 1. 526 1. 556 1. 541 
Na .507 .449 .434 .386 .441 .519 

.035 .059 .035 __,_Q1Z .036 . 035 
15.355 15.278 15.315 15.282 15. 318 15.370 

Formula ty12e 

Fe+3/EFe .219 .205 . 4 74 . 312 .351 .324 
Mg/ (Mg+l:Fe) .620 .413 .665 . 577 .580 .606 
Mg/(Mg+Fe+2) .677 .470 . 790 . 665 .680 . 695 
Ng/(Mg+Fe+2+Mn) .670 .466 . 785 . 655 .670 .689 
Ca/(Ca+Na) . 751 . 772 . 790 . 798 . 779 . 748 
Ca/(Ca+Na+K) .738 . 750 . 777 .783 . 765 . 736 

H I J K 

45.20 4f.9o 42.10 - 44. 75 
(. 80) (.80) (. 80) . 72 

12.50 10.70 16. 40 13.67 
6.90 .87 7.41 3.86 
9.39 12.41 12.93 7.71 

.40 .30 .10 .16 
12. 70 12.90 9.30 14.24 
10.90 10.90 10.30 10.60 
1. 70 .90 .so 1.48 

_Ll..Q) _Ll..Q) _Ll..Q) .11 
100.69 97.88 100.34 97.30 

6.414 6.909 6.072 6.442 
.086 .087 .086 .078 

2.091 1.819 2. 789 2.319 
. 737 .095 .804 .418 

1.115 1. 498 1.560 .928 
.048 .037 .012 .020 

2.686 2. 773 2.000 3.055 
1. 657 1. 684 1. 592 1.635 

.467 .251 .224 .413 
~ __,_Q1Z . 036 .020 
15.337 15.190 15.175 15.328 

. 398 .060 . 340 . 311 

.592 . 635 .458 .694 

. 707 . 649 .562 . 767 

.698 . 644 .560 . 763 

. 780 .870 . 877 .798 

.767 . 854 .860 .791 

L M 

47.20 45.54 
(. 80) .91 

10.50 13.55 
4.33 3.24 
3.90 7.13 

.30 .02 
18.00 15.09 
12.40 10.03 

1.40 1. 43 
_LlQ) .14 

99.03 97.08 

6.613 6.515 
.084 .098 

1. 734 2.285 
.456 . 349 
.457 .853 
.036 .002 

3.758 3.218 
1. 861 1. 537 

. 380 .397 

. 036 . 026 
15.415 15.280 

.499 .290 

.805 . 728 

.892 .790 

.884 .790 

.830 .795 

.817 .784 

N 

46.00 
(. 80) 

13.50 
4.21 

10.41 
.20 

13.30 
10.10 
1. 30 

_LlQ) 
100.02 

6.501 
.085 

2.249 
.448 

1. 231 
.024 

2.802 
1. 529 

.356 

.036 
15.261 

.267 

.625 

. 695 

.691 

.811 

.796 

8 
p:! 
o' 
I-' 
Cl> 

~ 
~ .. 
Q 

0 
1::1 
c+ ..... 
g 
Cl> 
p.. . 

N 
-..-.] 

0 



Mineral Cummingtonite 

Sample B c H I J L 

Si Oz S2.09 S0.88 S4.90 S4.10 S2.SO S6.20 
Ti02 .18 0 (0) (0) (0) (0) 
Al203 2.62 .14 1.40 1.10 .80 .60 
Fez03 l.SO .96 .29 .80 2.03 
FeO 26.02 33. 72 22.14 21. 78 24.98 17 .40 
MnO .S3 3.10 .80 .90 .30 .70 
MgO 13.S2 9.03 18.30 18.20 16.30 21.20 
Cao 1. 32 .17 1. 00 .70 .40 .80 
Nazo .26 0 .10 .10 (.OS) .10 
K20 .04 0 _{QL _JQL _JQL _{QL 
Total 98.08 98.00 98.93 97.68 97.36 97.00 

Si 7.738 7.931 7.880 7.876 7.809 8.021 
Ti .020 
Al .4S9 .026 .237 .189 .140 .101 
Fe+3 .168 .112 .032 .088 .227 
Fe+2 3.233 4.396 2.6S8 2.615 3.108 2.077 
Mn .067 .409 .097 .111 .038 .08S 
Mg 2.994 2.098 3.91S 3.949 3.614 4.S!O 
Ca .210 .028 .1S4 .109 .064 .112 
Na .07S .028 .028 .014 .028 
K .008 
Total 14.972 lS.000 lS.001 lS.001 lS.014 14.944 

Formula t:z:i:!e Wet !ST lS(K) lS(K) lS(NaK) none 

Fe+3/rFe .049 .02S .012 .033 .068 
Mg/ (Mg+rFe) .468 . 318 .S93 .594 .s20 .68S 
Mg/(Mg+Fe+2) .481 . 323 .S96 . 602 . S38 .68S 
Mg/ (Mg+Fe+2+Mn) .476 .304 .S87 .S92 .S3S .676 
Ca/(Ca+Na) .737 1.000 . 846 . 796 . 821 .800 
Ca/(Ca+Na+K) . 717 

Orthoamphibole 

N A D E 

S4.40 Sl.12 49.SO S0.80 
(0) .23 (. 40) (.40) 
2.70 6.79 9.30 S.90 

1.18 .16 .21 
18.90 17.82 17.76 19.Sl 

.so .7S . 30 .90 
19.20 18.S4 18.80 18.20 
1.40 .73 .20 .30 

.10 . 78 • 70 .40 
_JQL .02 _{QL _JQL 

97.20 97.96 97 .12 96.62 

7.819 7.319 7.lOS 7.40S 
.02S .043 .044 

.4S7 1.146 1. S74 1.013 
.127 .017 . 023 

2.272 2.134 2.131 2.378 
.061 .091 .036 .111 

4.113 3.956 4.022 3.951 
.216 .112 .031 .047 
.028 .216 .19S .113 

.004 
14.966 15.130 1S.1S4 15.088 

none Wet D D 

.OS6 .008 .010 
.644 .636 .6S2 .622 
.644 .6SO .6S4 .624 
.638 .640 .6SO . 614 
.88S . 341 .137 .294 

.337 

F 

49.00 
(.40) 
8.40 
1. 36 

18.28 
1. 20 

17.40 
.70 
.80 

_JQL 
97.S4 

7.099 
.044 

1. 434 
.148 

2.214 
.148 

3. 7S8 
.109 
. 224 

lS.178 

D 

.063 

.614 

.629 

.614 

.327 

G 

48.40 
( .40) 
8.80 
3.14 

18.27 
.60 

17.60 
.so 

1.10 
_JQL 

98.81 

6.952 
.043 

1. 490 
.339 

2.19S 
.072 

3.768 
.077 
. 307 

15.243 

D 

.134 

.S98 

.632 

.624 

. 201 

~ 
jll 
cr' 
I-' 
CD 

t: .. 
Q 
0 
i::s 
c+ ...... 
i::s 
i::: 
CD 
p.. . 

N 
'1 
I-' 



8 
P' 
o' 
I-' 
CD 

~ 
~ .. 

M!gei;:al Orthoamphibole Garnet Q 

Sample K M N c M 0 
1::1 
c+ 

Si02 51.00 48.70 52.50 37.25 38.83 ..... 
Ti02 .20 . 31 (.25) 1::1 s:: 
Al203 7.99 9.93 5.60 20.12 22.00 CD 

Fe203 .93 2.35 i:i. . 
FeO 14.94 13.69 18.80 27.12 24.04 
MnO .36 .13 .so 12.18 .95 
MgO 21.17 20.30 19.20 1.16 9.82 
Cao .75 .85 .40 1. 71 3.45 
Na20 .68 1.12 .40 
KzO 0 0 _JQ2_ 
Total 98.02 97.38 97.65 99.54 99.09 

Si 7.183 6.919 7.507 3.048 2.991 
Ti .021 .033 .027 
Al 1.326 1.663 . 944 1.941 1. 997 
Fe+3 .098 .251 
Fe+3 1. 760 1.627 2.248 1.856 1.549 
Mn .043 .016 .061 . 844 .062 
Mg 4.444 4.298 4.092 .142 1.127 
Ca .113 .129 .061 .150 .285 
Na .186 .308 .111 Sum 2.992 3.023 
K 
Total 15.174 15.244 15.051 7.981 8.011 

Formula t;n~e Wet D none none none 

Fe+3/i:Fe .053 .134 
Mg/(Mg+EFe) . 705 .696 .645 
Mg/ (Mg+Fe+2) . 716 . 725 .645 .on .421 
Mg/(Mg+Fe+2+Mn) . 711 . 723 .639 .oso . 412 
Ca/(Ca+Na) .378 .295 . 355 Alman dine 62.0 51. 2 
Ca/(Ca+Na+K) Spessartine 28.2 2.1 

Py rope 4.7 37.3 
Grossular s.o 9.4 

N 
--.:i 
N 
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APPENDIX 6 

Table 45. Explanation of how reactions in the text of Chapter III were 
balanced. Balancing was done using an interactive least squares 
regression computer program, written by myself after the method of 
Bryan et al. (1969). The minerals used in the reactions are as given, 
with abbreviations as follows: 

Ab Albite component H20 Water 
An Anorthite component Ilm Ilmenite 
Anth Anthophyllite Mt Magnetite 
Bio Biotite Oam Orthoamphibole 
Cum Cummingtonite OPX Orthopyroxene 
CPX Clinopyroxene Or Orthoclase 
Gar Garnet Plag Plagioclase 
Ged Gedrite Qtz Quartz 
Hbl Hornblende Rut Ru tile 
Hem Hematite Sil Sillimanite 
Hog Hogbomite Spinal Spinel 

Generally, nine chemical components were used. These were cation 
proportions of Si, Ti, Al, Fe+3, (Fe+2+Mn+Mg), Ca, Na, and K, and of 
H20 per formula unit, from the chemical data tables. Instead of 
measured feldspar compositions, anorthite and albite components were 
used in place of plagioclase, and a modified orthoclase composition was 
used, as follows: 

Anorthite Albite Orthoclase 

Si 2 3 3 
Al 2 1 1 
Ca 1 0 0 
Na 0 0.99 * 
K 0 0.01 * 
Total 5 5 5 

* Values taken from Table 30, Chapter III. 

The mineral compositions used to balance reactions with reaction 
coefficients are listed below, along with reaction names, if used. 
Reactions balanced without using all nine of the chemical components 
given above have listed the components that were excluded. 

Because of the mathematics of balancing reactions, in cases where 
the number of phases equaled one plus the number of chemical 
components, the reactions balance exactly. To achieve this, usually 
all or most of the minerals characteristic of the pertinent assemblage 
were included in the reaction. In cases where the number of phases 
was less than one plus the number of chemical components, the reactions 
could not be balanced exactly. The sums of the squares of 
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Table 45, continued. 

the residuals are given for reactions listed below in cases where the 
reaction does not exactly balance. A residual of 1.000 indicates that 
none of the chemical components balance at all, whereas a residual of 
0.000 indicates that all of the chemical components balance exactly. 
Residuals <0.050 are considered to be good, whereas those >0.100 are 
considered to be poor. 

1q Cummingtonite-In. Anth is from sample 65b; Hbl, Cum, and Ilm are 
from sample 65a; An and Ab are given above; Rut is the end member 
component; and Qtz. K was not used as a chemical component. This 
reaction balances exactly. 

1 Cummingtonite-In. Anth, Hbl, Cum, and Ilm are from sample 64; An 
and Ab are given above; Rut is the end member component. K was not 
used as a chemical component. The residual is 0.002. 

2q Cummingtonite-Out (Gar). Cum, Hbl, Ilm, and Bio are from sample 
71; Gar is the intermediate zone composition from sample 71; An and 
Ab are given above; and Qtz. The residual is 0.067. 

3q Gedrite-Out (Cum). Gar and Bio from sample 88; Cum and Ilm from 
sample 63, Oam is from sample F, An and Ab are given above, and 
Qtz. The residual is 0.001. 

3 Gedrite-Out (Cum). Gar and Bio from sample 88; Cum and Ilm from 
sample 63, Oam is from sample F, An and Ab are given above. The 
residual is 0.001. 

4q Cummingtonite-Out (OPX). Cum, Hbl, OPX, and Ilm are from sample 
74a; Bio is from sample 76, although sample 74a contains no 
biotite; An and Ab are given above; and Qtz. The residual is 
0.008. 

4 Cummingtonite-Out (OPX). Cum, Hbl, OPX, Ilm, and Bio are from 
sample 82; An and Ab are given above. The residual is 0.073. 

5q Gedrite-Out (OPX). Ged, OPX, Gar, Ilm, and Gar are from sample 77; 
An and Ab are given above; and Qtz. The residual is 0.009. 

5 Gedrite-Out (OPX). Ged, OPX, Gar, Ilm, and Gar are from sample 77; 
An and Ab are given above. The residual is 0.036. 

6q Orthopyroxene-In (Ged}. Cum and Ilm are from sample 65b; Oam from 
sample E, OPX, and Bio are from sample 88; An and Ab are given 
above; and Qtz. The residual is 0.001. 

7q Hornblende-Out (OPX). Hbl, CPX, OPX, Ilm, and Bio are from sample 
80; An and Ab are given above; and Qtz. The residual 0.061. 
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Table 45, continued. 

7 Hornblende-Out (OPX). Hbl, Bio, CPX, and OPX are from sample 83; 
Ilm is from sample 82; An and Ab are given above. The residual is 
0.204. This is by far the worst residual of all the balanced 
reactions. 

8q Hornblende-Out (Gar). Bio, Gar, Ilm, Hbl, and CPX are from sample 
81; An and Ab are given above; and Qtz. The residual is 0.050. 

9q OPX, Bio, Gar, Ilm, Hbl, and CPX are from sample 81; An and Ab are 
given above; and Qtz. This reaction balances exactly. 

10 Ged, OPX, Gar (rim composition), and Bio are from sample 89; Ilm is 
from sample 77, although sample 89 contains no prograde ilm; An and 
Ab are given above. The residual is 0.069. 

23q K-feldspar-In (Gar). Bio, Or, OPX, and Gar are from sample 88; Ilm 
is from sample 87; An and Ab are given above; and Qtz. The 
residual is 0.008. 

24q K-feldspar-Out. Bio, OPX, and Or are from sample 88; Ilm from 
sample 87; Ab is as given above, and Qtz. The residual is 0.049. 

25q K-feldspar-In (Hbl,CPX). Hbl, CPX, OPX, Ilm, and Bio are from 
sample 84; Or from sample 88; An and Ab are given above; and Qtz. 
This reaction balances exactly. 

27 Sil, Gar, Spinal, Mt, Ilm, and Hog are from sample 78b; An is as 
given above. K and Na were not used as chemical components. This 
reaction balances exactly. 

28 Spinal, Mt, and Hog are from sample 78b; Hem and Ilm are the end 
member components. K, Na, Ca, and Si were not used as chemical 
components. This reaction balances exactly. 






