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ABSTRACT 

Petrographic and geochemical analysis was completed for seven hornblende 
amphibolites and fifty-five plagioclase gneisses from the Fourmile Gneiss. Based on their 
mineralogy and composition, the gneisses were grouped into the following members: 
felsic muscovite-rich gneiss and microcline-rich gneiss, felsic muscovite-poor gneiss, and 
intermediate to felsic northern gneiss and Tailrace gneiss. In the central and southern 
Pelham dome, yellow-weathering, muscovite-rich and microcline-rich gneisses and 
associated amphibolite are restricted to the lower part of the unit, and gray-to- yellow
weathering, muscovite-poor gneiss is restricted to the upper part of the unit. The Tailrace 
gneiss and the northern gneiss lack muscovite, weather gray, and occur in the northern 
part of the Pelham dome. 

High-temperature hydrothermal alteration changed the compositions of several 
muscovite-rich and microcline-rich gneisses by removing Na20, K20, and Cao and 
adding Si02. Altered gneisses have strongly peraluminous S-type compositions and 
elevated Si02 contents. Un-altered gneisses have mildly peraluminous to metaluminous, 
I-type compositions with generally lower Si02 contents. 

Trace elements were used to classify the protoliths, identify their tectonic setting, 
and develop a petrogenetic model for the amphibolite protoliths. Felsic and intermediate 
gneisses have trace element compositions similar to volcanic-arc granites from Chile. 
Amphibolite compositions are transitional between calc-alkaline basalt and island arc 
tholeiite. Rare earth element modeling suggests that the amphibolite protoliths were 
derived from partial melting of slightly light-rare-earth-element-enriched mantle 
peridotite followed by low-pressure fractional crystallization of olivine, plagioclase, and 
clinopyroxene. 

The dome gneisses change from mainly granitic compositions in the northern part 
of the Bronson Hill anticlinorium to granodioritic and tonalitic compositions in the 
southern part. All of the gneisses are calc-alkaline, with metaluminous to peraluminous, 
I-type compositions identified in most. As in the Fourmile Gneiss, alteration of some 
dome gneisses changed their bulk compositions to highly peraluminous and S-type. 

Cale-alkaline gneisses in the F ourmile Gneiss, Monson Gneiss and Partridge 
Formation have similar trace element compositions, suggesting a common origin along 
the main part of the Bronson Hill arc. Cale-alkaline amphibolites in the arc-related 
Fourmile Gneiss and Monson Gneiss contrast with the back-arc setting proposed for 
tholeiitic amphibolites in the Partridge Formation and Ammonoosuc Volcanics. 
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CHAPTER 1 

GEOLOGIC OVERVIEW 

Introduction 

The Fourmile Gneiss is a mapped unit of Late Ordovician granodiorite to tonalite 
gneiss with subordinate hornblende amphibolite and rare micaceous quartzite (Ashenden, 
1973). It forms a layer of variable thickness in the Pelham dome in west-central 
Massachusetts, separating stratified Proterozoic rocks in the core of the dome from 
metamorphosed Late Ordovician volcanic and sedimentary rocks in the cover (Figure 1 ). 
Recent work (Robinson et al., 1992) shows that the Mount Mineral Formation, which 
separates the Fourmile Gneiss from the Proterozoic rocks below, contains layers of 
Ordovician, Silurian, and probably Lower Devonian ages, suggesting that the base of the 
Fourmile Gneiss is a thrust fault. The intrusive rocks of the Fourmile Gneiss and related 
gneisses and the overlying volcanics were formed along the Bronson Hill magmatic arc, 
which supposedly was situated above an east-dipping subduction zone located east of 
Laurentia during the Middle to Late Ordovician Taconic Orogeny (Hollocher, 1993). 

It is unclear what the country rock of the Fourmile Gneiss intrusions was. 
Interpreting the contact at the base of the Fourmile Gneiss as a thrust fault that brings it 
into contact with underlying stratified Proterozoic and Paleozoic rocks suggests that the 
F ourmile Gneiss country rock may have been displaced by this or other tectonic events. 
It is possible that the country rock was eroded or faulted prior to the accretion of the 
Bronson Hill magmatic arc to the eastern margin ofLaurentia or later in the region's 
tectonic history. Alternatively, the Proterozoic Dry Hill Gneiss and related rocks could 
represent Avalon basement that "arrived early" (prior to the Devonian Acadian Orogeny) 
and was intruded by the Bronson Hill magmas. 

Overlying mafic rocks from the Ammonoosuc Volcanics and the Partridge 
Formation have tholeiitic compositions (Schumacher, 1988; Hollocher, 1993) and have 
been interpreted as back-arc-basin volcanics which erupted east of intrusive felsic rocks 
thought to represent the plutonic roots of the main arc. The contact between intrusive 
calc-alkaline gneisses and overlying felsic and mafic volcanics of the Ammonoosuc 
Volcanics and the Partridge Formation is observed throughout the Bronson Hill 
anticlinorium. It has been suggested that the contact might be a detachment fault formed 
during extension within the active magmatic arc (Tucker and Robinson, 1990). 

This study examines the petrology and geochemistry of plagioclase gneisses and 
hornblende amphibolites from the F ourmile Gneiss and applies the results to basic 
questions about the unit. It compares groupings of the gneisses based on mineralogy with 
groupings formed from field observations. It explains variations in mineralogy among 
the gneisses using their bulk compositions. It assesses whether rocks from the F ourmile 
Gneiss may have altered compositions. On a larger scale, it compares the F ourmile 
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Figure I. Generalized geologic map of the Pelham dome and the surrounding region. Figure IA. shows 
the Pelham dome and related gneiss domes of the Bronson Hill anticlinorium in southwestern New 
England (after Hall and Robinson, 1982). 

Continued on pages 4 and 5. 

2 



Gneiss to other products of Bronson Hill magmatism and interprets the tectonic setting of 
the Bronson Hill magmatic arc. 

Geologic Setting 

The Bronson Hill anticlinorium is a major geologic province of the Northern 
Appalachian Mountains that extends from Long Island Sound into western Maine and 
contains about twenty mantled gneiss domes (Billings, 1937; Thompson et al., 1968). 
The general stratigraphy of these gneiss domes includes three parts: (1) a core of medium 
to coarse-grained felsic and intermediate gneisses of dominantly intrusive origin, with 
rare and unusual occurrences of metamorphosed sedimentary rocks; (2) a mantle of 
metamorphosed Ordovician volcanic and sedimentary rocks, that are in turn 
unconformably overlain by; (3) metamorphosed Silurian and Devonian sedimentary and 
volcanic rocks. The coarse-grained Ordovician gneisses in the cores and the overlying 
Ordovician volcanics have been referred to collectively as the Bronson Hill magmatic arc 
(Tucker and Robinson, 1990). 

The Bronson Hill magmatic arc is thought to have been located over an east
dipping subduction zone off the eastern margin of Laurentia during the middle to late 
Ordovician (Hollocher, 1993). Tucker and Robinson (1990) used U-Pb zircon dates to 
determine the time of igneous activity along the arc that produced the units exposed in the 
gneiss domes of Massachusetts and southern New Hampshire. Zircons from intrusive 
gneisses in the cores of these gneiss domes gave ages ranging from 454 +3/-2 Ma for the 
Fourmile Gneiss in the Pelham Dome and the Swanzey Gneiss in the Keene Dome, to 
442 +3/-2 Ma for the youngest sample of Monson Gneiss in the Quabbin Reservoir area 
(Tucker and Robinson, 1990). These units are dominated by plagioclase-rich gneisses 
and have been interpreted as the calc-alkaline intrusive root of the Bronson Hill magmatic 
arc (Tucker and Robinson, 1990; Hollocher, 1993). 

The gneiss domes of central Massachusetts are mantled by an Ordovician cover 
sequence containing felsic gneisses and amphibolites of the Ammonoosuc Volcanics and 
sulfidic schists, amphibolites, and felsic gneisses of the overlying Partridge Formation. A 
metamorphosed rhyolite in the upper part of the Ammonoosuc Volcanics yielded a U-Pb 
zircon age of 453 ± 2 Ma, while a rhyolite in the lower part of the Partridge Formation 
was dated at 449 +3/-2 Ma (Tucker and Robinson, 1990). Amphibolites in the 
Ammonoosuc and Partridge Formations have similar compositions, and they have been 
interpreted as low-K tholeiitic basalts formed in a back-arc basin away from the 
contemporaneous magmatism that produced the felsic gneisses in the cores of the domes 
(Hollocher, 1993). 

In the Pelham dome and other gneiss domes on the Connecticut coast, Proterozoic 
gneisses and metamorphosed sedimentary units not related to Bronson Hill magmatism 
are exposed beneath the Ordovician gneisses of the Bronson Hill anticlinorium. The 
Proterozoic Dry Hill Gneiss is exposed in the Pelham dome and has a U-Pb zircon date of 
613 ± 3 Ma (Tucker and Robinson, 1990). The Poplar Mountain Gneiss is associated 
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with the Dry Hill Gneiss in the northern part of the Pelham dome and is probably also 
Proterozoic. 

Strati~raphy of the Northern Part of the Pelham Dome 

Initial stratigraphy and mapping in the northern part of the Pelham dome was 
completed by B. K. Emerson (1898, 1917), whose work was later expanded by Balk 
(1956 a, b). Balk differentiated the two gneiss units in the core of the dome, calling them 
the Dry Hill Gneiss and the Poplar Mountain Gneiss. Balk included an outer facies in the 
Dry Hill Gneiss which Ashenden (1973) considered a petrographically distinct unit 
separated from the Dry Hill Gneiss by the Poplar Mountain Gneiss. Ashenden named 
this the Fourmile Gneiss for the exposures along Fourmile Brook near Northfield Farms. 
Ashenden ( 1973) provided the first significant interpretation of the stratigraphy of the 
northern part of the Pelham dome in a modem geologic context. This stratigraphy from 
base to top includes: 

(1) Proterozoic Dry Hill Gneiss that was probably derived from alkali rhyolite 
volcanics with interbedded quartzose sandstone (Ashenden, 1973; Hodgkins, 1985). 
Ashenden mapped two distinct members of the Dry Hill Gneiss, a lower Hornblende 
Member and an upper Biotite Member. The Dry Hill Gneiss is thought to lie in the center 
of a recumbent anticline, with a repeated stratigraphy of younger units above it and below 
it. 

(2) Proterozoic Poplar Mountain Gneiss, consisting of the basal Poplar Mountain 
Quartzite Member and the overlying Gneiss Member. The Poplar Mountain Gneiss has a 
probable sedimentary origin with minor layers of volcanic origin that are similar to the 
Dry Hill Gneiss. The Poplar Mountain Gneiss is exposed above the Dry Hill Gneiss in a 
right-side-up sequence and below the Dry Hill Gneiss in an inverted sequence. The 
Gneiss Member in the inverted sequence is exposed at the structurally-deepest level in the 
dome. 

(3) Ordovician Fourmile Gneiss exposed above the right-side-up Poplar Mountain 
Gneiss. The F ourmile consists of plagioclase gneisses and minor amphibolites, similar to 
units found in the cores of other domes. 

(4) Ordovician Partridge Formation consisting of sulfidic mica schist with 
subordinate metamorphosed volcanics. 

(5) Silurian Clough Quartzite and Devonian Littleton Formation and Erving 
Formation; these are mostly metamorphosed sedimentary rocks with subordinate 
metamorphosed volcanics. 

Subsequent studies in the northern part of the dome involving structural geology 
and detailed mapping (Laird, 1974; Onasch, 1973), geochemistry (Hodgkins, 1985), and 
geochronology (Tucker and Robinson, 1990; Robinson et al., 1992) have enhanced and 
supported Ashenden's stratigraphy. 
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Stratigraphy of the Southern Part of the Pelham Dome 

Robinson et al. (1973) developed a stratigraphy for the southern part of the 
Pelham dome based on geologic mapping by Advanced Mapping Classes at the 
University of Massachusetts. The stratigraphy from base to top includes: 

(1) Dry Hill Gneiss that is similar to that in the northern part of the dome. In the 
southern part of the dome, the Dry Hill Gneiss contains the Pelham Quartzite Member, 
which is dominated by actinolite-feldspar quartzite up to 180 meters thick. 

(2) The Mount Mineral Formation, consisting of quartzites, mica schist, 
amphibolite, and local gneisses and ultramafic bodies. The basal member of the Mount 
Mineral Formation is an actinolite quartzite similar to the Pelham Quartzite. The 
uppermost member is a micaceous quartzite commonly in contact with the base of the 
Fourmile Gneiss. This quartzite resembles the Silurian Clough Quartzite. 

(3) Ordovician Fourmile Gneiss above the Mount Mineral Formation. 

(4) Ordovician cover units that include rare exposures of the Ammonoosuc 
Volcanics, characterized by_ Schumacher (1983, 1988), and abundant exposures of the 
Partridge Formation, studied by Hollocher (1985, 1993). 

( 5) Silurian Clough Quartzite, and Devonian Littleton Formation and Erving 
Formation. 

Dry Hill Gneiss 

The petrology and geochemistry of the Dry Hill Gneiss was studied extensively 
by Hodgkins (1985). This unit is exposed in the core of the southern part of the Pelham 
dome. Zircons from the Dry Hill Gneiss have been radiometrically dated at 613 ± 3 Ma, 
and the unit may be Proterozoic basement of South American, A valonian or Laurentian 
affinity (Robinson personal comm., 1994; Tucker and Robinson, 1990; Getty and 
Gromet, 1992). Contact relationships with adjacent formations, internal layering 
characteristics, and composition, suggest that the Dry Hill Gneiss is metamorphosed 
alkali rhyolite with minor interbedded quartzite (Ashenden, 1973; Robinson, 1979; 
Hodgkins, 1985). The Hornblende Member of the Dry Hill Gneiss is a coarse-grained 
granitic gneiss that contains hastingsite and pink microcline megacrysts. This is overlain 
by the Biotite Member, which is a finer-grained gneiss containing less hastingsite and 
more biotite (Hodgkins, 1985). In the southern part of the dome, the Dry Hill Gneiss 
contains a thick lens of actinolite-feldspar quartzite, the Pelham Quartzite Member. 

Poplar Mountain Gneiss 

The Poplar Mountain Gneiss is interpreted as a metamorphosed sedimentary 
sequence that was probably derived from volcanics with compositions similar to the Dry 
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Hill Gneiss protoliths (Hodgkins, 1985). The top of the unit contains light- to dark-gray 
biotite-muscovite gneiss with common white to pink feldspar megacrysts. This is 
underlain by a quartzite member that contains interbedded quartzite, biotite gneiss, 
granitic gneiss, calc-silicate beds, and rare occurrences of amphibolite (Ashenden, 1973). 

Mount Mineral Formation 

The Mount Mineral Formation overlies the Dry Hill Gneiss in the southern part of 
the Pelham dome. At its base, the Mount Mineral Formation contains actinolite quartzite 
similar to the likely Proterozoic Pelham Quartzite. The middle section of the Mount 
Mineral Formation contains pelitic schists and mylonites, amphibolites, and local 
plagioclase gneisses. One of these plagioclase gneisses produced an igneous zircon age 
of 460 Ma (Robinson et al., 1992). The top of the unit contains muscovite-garnet 
quartzite and associated gray schist. Detrital zircons from this upper quartzite are as 
young as Lower Silurian (Tucker and Robinson, 1990; Robinson et al, 1992), suggesting 
that the unit contains a variety of rocks, probably in sheared tectonic contact, that range 
from Proterozoic to Lower Silurian. 

F ourmile Gneiss 

The F ourmile Gneiss overlies the upper part of the Mount Mineral Formation in 
the southern part of the dome, and the Poplar Mountain Gneiss in the northern part. This 
unit is similar to other Ordovician gneisses of intrusive derivation which form the cores 
of most of the domes in the Bronson Hill anticlinorium. It is considered typical of the 
Oliverian magmatic suite described by Billings (Billings, 1937; Robinson, 1963). In the 
southern part of the Pelham dome, the F ourmile Gneiss contains two dominant members, 
described below. 

At the base of the F ourmile Gneiss is the muscovite-rich gneiss member. This is a 
medium-grained, quartz-rich, plagioclase gneiss with significant muscovite and biotite 
and minor garnet, pistacite, and magnetite. Locally, this part of the Fourmile Gneiss 
contains muscovite-rich gneisses with abundant microcline, which are referred to as the 
microcline-rich gneiss and are included as a sub-set of the muscovite-rich member within 
the lower part of the F ourmile Gneiss. Gneisses of this basal member have moderate to 
intense yellow-brown weathering at, and immediately below, the outcrop surface. The 
weathering diminishes away from the surface, and is commonly reduced to yellow 
splotches or is totally absent beneath the first few centimeters. This muscovite-rich 
yellow-weathering gneiss is associated with thin layers of amphibolite that may contain 
garnet, and with rare occurrences of rusty-weathering gedrite gneiss. These associated 
rock types resemble metamorphosed altered volcanics from the overlying Ammonoosuc 
Volcanics. In the southern part of the dome, local occurrences of muscovite quartzite are 
assigned to the lower member of the F ourmile Gneiss. This quartzite is similar to the 
muscovite quartzite in the upper part of the Mount Mineral Formation that is now 
believed to be Lower Silurian (Robinson et al., 1992), and its presence in the Fourmile 
Gneiss may have resulted from structural complications. 
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The upper part of the Founnile Gneiss is characterized by a medium-grained, dark 
gray-weathering to occasionally yellow-weathering, plagioclase gneiss mineralogically 
fairly similar to the muscovite-rich gneiss below it. The upper gneiss member, however, 
contains much less muscovite and garnet, and more biotite, than the muscovite-rich 
gneiss and is called the muscovite-poor gneiss member. Amphibolites are less commonly 
associated with this gray-weathering gneiss, and gedrite gneiss is not associated with it. 
The contact between the muscovite-rich gneiss and the muscovite-poor gneiss is 
gradational. It is difficult to define a strict contact, which is based largely on the 
muscovite/biotite ratio as well as the weathering characteristics of the gneiss. 

Gneisses from Crag Mountain and the northern part of the dome contain 
occasional blue-green pleochroic hornblende. This medium grained biotite
plagioclase±homblende gneiss is mineralogically distinct from gneisses in the muscovite
rich member. It is characterized by occasional hornblende and minor biotite, and by the 
absence of muscovite, microcline, and garnet. It weathers to a dark gray surface with 
distinct patches of medium to coarse hornblende when hornblende is present. It is well 
exposed in the nose of a recumbent anticline on the western side of Crag Mountain, 
where it is overlain by Silurian Clough Quartzite and in the area of Roman T. Hill in the 
northern part of the dome. This gneiss is referred to as the northern gneiss member. 

Four samples of very fresh Founnile Gneiss were analyzed by Hodgkins 
(Hodgkins, 1985). These samples, called the tailrace gneiss member, were obtained by 
Robinson from the tailrace tunnel at the Northfield Mountain Pumped Storage 
Hydroelectric Facility on the northwest side of the dome, close to Ashenden's Fourmile 
Gneiss type locality. The tailrace samples contain between 13 % and 15 % microcline, 
which is higher than most of the other gneisses and lower than the rare granitic gneisses 
in the lower part of the unit. Like the northern gneiss, the tailrace gneiss has no 
muscovite. 

Ammonoosuc Volcanics and Partridge Formation 

Ordovician cover units in the Pelham Dome consist of the Ammonoosuc 
Volcanics and the Partridge Formation. These units are found throughout the gneiss 
domes of the Bronson Hill anticlinorium, where they form the mantling strata associated 
with the Bronson Hill magmatic arc. Aleinikoff (1977), Schumacher (1983, 1988), and 
Leo (1985, 1991), provide interpretations of the geochemistry and petrology of the 
Ammonoosuc Volcanics. Robinson (1963), and Schumacher (1983), developed a 
detailed internal stratigraphy of the Ammonoosuc Volcanics in north-central 
Massachusetts and southwestern New Hampshire and Schumacher (1983) investigated 
pre-metamorphic alteration of felsic and mafic volcanics. The stratigraphy includes four 
members: a basal quartzite and quartz-pebble conglomerate; a Lower Member containing 
amphibolite and subordinate felsic gneiss; a Garnet-Amphibole-Magnetite Quartzite 
member that represents a discontinuous layer of metamorphosed ferruginous chert; and 
an Upper Member of felsic biotite gneiss with garnet, muscovite, and kyanite or 
sillimanite. In the Pelham dome, the Ammonoosuc Volcanics are only present in the 
extreme southeastern comer where they have been divided into Lower Mafic and Upper 
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Felsic members. Hollocher (1985, 1993) investigated the geochemistry, petrology, and 
pre-metamorphic alteration, of metamorphosed volcanic rocks from the Partridge 
Formation. The Partridge Formation stratigraphically overlies the Ammonoosuc 
Volcanics but is exposed directly above the Fourmile Gneiss throughout most of the 
Pelham dome. Rusty-weathering schists interpreted as metamorphosed marine shale 
dominate the unit. Volcanics in the Partridge Formation are mostly mafic but also 
contain significant felsic compositions. 

Silurian and Devonian Units 

The Lower Silurian Clough Quartzite lies stratigraphically above the top of the 
Partridge Formation in the Pelham dome; it is dominated by stretched quartz-pebble
conglomerate and quartzite. At Crag Mountain, the Clough Quartzite lies unconformably 
above the northern gneiss of the Fourmile Gneiss. Staurolite-gamet-mica schists of the 
Lower Devonian Littleton Formation overlie the Clough Quartzite. These schists are in 
turn overlain by granulite and epidote amphibolite of the Devonian Erving Formation. At 
a few locations in the northeast part of the Pelham dome, the Erving Formation directly 
overlies the Fourmile Gneiss, and Robinson (1963) suggested there may be an 
unconformity at the base of the Erving Formation. 

Structural Geolo~ and Metamorphism 

The gneiss domes of the Bronson Hill anticlinorium have been interpreted in 
terms of a three-part deformational model (Thompson, 1954; Robinson et al., 1991). The 
first deformation involved large scale west-directed fold and thrust nappes affecting 
Devonian and older units. This was followed by backfolding of earlier west-directed 
nappes to the east. Ashenden (1973, plate 3; Robinson, 1992, figure 4) observed a 
repeated stratigraphy in the northern part of the Pelham dome that probably resulted from 
this east-directed recumbent folding. The final deformation involved arching of the units 
to form the gneiss domes. Originally thought to be Acadian, this deformation is now 
thought to have taken place in two episodes, in the late Devonian and in the 
Pennsylvanian (Robinson et al., 1992). In the Pelham dome, this stage is associated with 
a Pennsylvanian N-S mineral lineation resulting from top-to-the-south movement of 
cover units moving down the length of the dome. 

The Pelham dome lies within the kyanite-staurolite-muscovite zone of regional 
metamorphism. This metamorphism was originally assigned to the Devonian Acadian 
orogeny. Granulite facies mineral assemblages preserved in sillimanite-orthoclase schists 
of the Mount Mineral Formation suggested that the ambient kyanite grade metamorphism 
in the rest of the dome actually overprinted an earlier higher grade event. Originally, the 
granulite facies event was considered Proterozoic because of the association of the Mount 
Mineral Formation with the Proterozoic core rocks (Roll, 1987). Recent isotopic dating 
of the high grade schist and associated rocks suggests that the granulite facies event 
occurred about 367 Ma, during the Devonian (Robinson et al., 1992) rather than the 
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Proterozoic. Further isotopic dating of several units exhibiting kyanite-staurolite
muscovite zone metamorphism indicate that the overprinting event occurred during the 
Pennsylvanian rather than the Devonian (Robinson et al., 1992; Gromet and Robinson, 
1990). 

The Proterozoic units in the core of the Pelham dome mark the only exposures of 
these rocks in the gneiss domes of Massachusetts. The nature of the contact between 
Proterozoic units and overlying Ordovician gneisses in the Pelham dome and in domes 
from southern Connecticut is important to the region's tectonic history. This contact is 
probably a thrust fault; however, the timing of juxtaposition is not clear (Getty and 
Gromet, 1992; Tucker and Robinson, 1990; Robinson et al., 1992). Getty and Gromet 
(1992) studied Proterozoic gneisses and amphibolites believed to represent Avalonian 
basement rocks underlying Ordovician gneissic and metasedimentary cover rocks in the 
Willamantic dome in Connecticut. Radiometric dating of dynamically recrystallized 
grains showed Acadian recrystallization in the Ordovician rocks and Pennsylvanian 
recrystallization in amphibolites along the Proterozoic-Ordovician boundary. No 
evidence of the older Acadian recrystallization was found in the Proterozoic units. The 
authors argued that the Proterozoic rocks experienced a different thermal and 
deformational history than the overlying units prior to the Pennsylvanian. They 
suggested that the Proterozoic rocks were thrust beneath the Ordovician units during the 
Pennsylvanian. Heating and gravitational collapse during the Permian removed any 
intervening units and placed the Ordovician rocks in direct contact with the Proterozoic 
rocks. 

Another possibility is that juxtaposition may have occurred prior to the end of 
Acadian metamorphism. This theory is supported by micro-structural data in Acadian 
granulite facies mineral assemblages in schists from the Mount Mineral Formation in the 
Pelham dome (Robinson et al., 1992). Mylonitic schists in the Mount Mineral Formation 
contain strong E-W mineral lineations with a top to the east sense of motion. The 
mylonites show evidence that shearing occurred only shortly after the peak Acadian 
metamorphism, while the rocks were still very hot. This may indicate that the F ourmile 
Gneiss was emplaced above the Mount Mineral Formation along thrusts during the 
Acadian. 

Granulite facies mineral assemblages have yet to be found in the Dry Hill Gneiss 
or the Poplar Mountain Gneiss; however, this does not preclude these Proterozoic units 
from having experienced Acadian metamorphism. It is possible that such assemblages 
were lost during the Pennsylvanian kyanite-staurolite-muscovite recrystallization. East
directed recumbent folds occur in Devonian through Ordovician units in the sequence 
above the Proterozoic and within the Proterozoic itself. These folds suggest that these 
rocks experienced a similar deformation, most likely during regional east-directed 
backfolding in the Acadian. In the southern part of the Pelham dome, recumbent folds 
involving cover units are truncated by the 380 ± 5 Ma Belchertown Quartz Monzodiorite 
(Robinson et al., 1992), indicating that folding took place before the peak of Acadian 
metamorphism. It is likely that the repeated stratigraphy involving Proterozoic units seen 
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by Ashenden in the northern part of the dome resulted from this generation of 
backfolding. If the folding in the Proterozoic units occurred during the same deformation 
responsible for the folding in the Paleozoic cover units, then the Proterozoic rocks must 
have been present before the peak Acadian metamorphism, precluding Pennsylvanian 
underthrusting of the core rocks from the east. 

Geochemical and geochronological work on metamorphosed volcanics from the 
Partridge Formation and the Ammonoosuc Volcanics provided information concerning 
the juxtaposition of these units with intrusive gneisses that formed the main part of the 
Bronson Hill magmatic arc (Schumacher, 1983; Hollocher, 1985, 1993; Tucker and 
Robinson, 1990). Felsic volcanics from the top of the Ammonoosuc Volcanics have a U
Pb zircon age of 453 ± 2 Ma, and felsic rocks in the lower part of the Partridge Formation 
have been dated at 449 +3/-2 Ma. These dates suggest that the volcanism which 
produced the cover volcanics in the Bronson Hill gneiss domes occurred at the same time 
as the magmatism which produced the intrusive core gneisses such as the F ourmile 
Gneiss, Monson Gneiss and Swanzey Gneiss, with ages ranging from 454 Ma to 442 Ma. 
Hollocher (1993) suggested that the Ammonoosuc and Partridge volcanics formed in a 
back-arc setting to the east of the main part of the arc. A major question concerns the 
nature of juxtaposition of these units with the plutonic rocks. It is possible that this 
contact was established along a thrust or detachment fault within the arc during the 
Ordovician (Tucker and Robinson, 1990) or during post-Taconian pre-Acadian extension. 
This scenario places the cover volcanics over the core gneisses prior to any Acadian 
event. 
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CHAPTER2 

PETROGRAPHY 

Sampling 

Petrography and geochemical analysis were completed for sixty-two selected rock 
samples from the Fourmile Gneiss. The samples include seven homblende-amphibolites, 
seventeen muscovite-biotite-plagioclase gneisses, four microcline-rich muscovite-biotite
plagioclase gneisses, twenty-two biotite-plagioclase gneisses, four biotite-plagioclase 
gneisses from the tailrace gneiss that were analyzed by Hodgkins (1985), and eight 
biotite±hornblende plagioclase gneisses. 

Sampling was concentrated in the southeast part of the Pelham dome, where the 
outcrop is dominated by the muscovite-rich gneiss and the muscovite-poor gneiss. 
Samples from the northern gneiss and the tailrace gneiss are from the northern part of the 
Pelham dome. Although the coverage of the northern and tailrace gneisses is not 
comprehensive, the samples analyzed are considered representative of these rock types 
because they are compositionally similar within each group and compositionally distinct 
from the other gneisses. The advantage of concentrating on the muscovite-rich gneiss 
and muscovite-poor gneiss is that these rocks show the largest variations in mineralogy, 
texture, and chemistry. Compositional differences and similarities of these members 
should explain whether their variable nature reflects differences in magma composition or 
post-magmatic alteration. 

Petrographic Methods 

Thin sections were made from samples that lacked significant weathering. 
Sections were cut perpendicular to foliation and parallel to lineation. Selected thin 
sections were etched with HF and treated with sodium cobaltinitrate to stain potassium 
feldspar. In the Fourmile Gneiss all potassium feldspar is microcline, and the stain 
produced a spotty yellow color to the microcline that is visible in plain light. Sericite and 
chlorite were considered products of weathering or retrograde alteration; therefore, 
samples with abundant sericite or chlorite were generally not selected for chemical 
analysis. Modal analyses were conducted using four transects of two-hundred points 
each; the transects were made across the foliation of the sample to avoid concentrating 
counts in mica-rich or mica-poor layers. Point-counted modes of individual samples are 
given in Tables 1, 3, and 5. Sample locations and descriptions are given in Tables 2, 4, 
and6. 
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Muscovite-rich Gneiss 

These gneisses contain greater than 4 % muscovite, have a muscovite/biotite ratio 
greater than 0.5, and contain less than 25 % microcline. The muscovite-rich gneisses 
contain quartz, oligoclase, muscovite, and biotite with significant variations in 
abundance. This heterogeneity is accompanied by variations in the composition ofbiotite 
and chlorite, and the presence or absence of accessory phases. 

Quartz occurs in a variety of habits, from fine- to medium-grained, subhedral 
crystals, to elongated quartz ribbons, to fine-grained intergrowths of quartz with 
plagioclase or microcline. It is commonly poikilitic with inclusions of plagioclase and 
microcline, but also occurs as inclusions in poikilitic plagioclase and garnet. 

Plagioclase occurs in subhedral, medium-grained laths that are commonly 
poikilitic with inclusions of quartz or microcline. Plagioclase commonly shows normal 
concentric zoning, with cores up to An29, and rims as low as An23• Distinction between 
quartz and untwinned plagioclase during point counting was mainly based on visible 
cleavage traces in the plagioclase, distinctive concentric zoning, and, where possible, on 
optic axis figures. Relief was generally not used to distinguish plagioclase and quartz 
because the indices of refraction for oligoclase overlap with those for quartz. Plagioclase 
grains may have undulose extinction but generally do not display significant strain 
features. 

Microcline occurs in medium-grained, subhedral to anhedral grains with well 
developed periclase and albite twinning. Microcline commonly accounts for 5% to 10% 
of the mode in the muscovite-rich gneisses, but it is absent from several samples. Four 
gneisses that are very similar in mineralogy, texture, and weathering characteristics to the 
muscovite-rich gneisses contain greater than 30% microcline. These gneisses are treated 
as a sub-set of the muscovite-rich gneisses. 

Biotite occurs in all of the muscovite-rich gneisses as fine- to coarse-grained 
plates. Biotite commonly occurs in individual fine- to medium-grained, subhedral plates. 
Biotite pleochroism parallel to the Z vibration direction varies from dark red and red
brown to dark brown-green. This variation reflects a change in composition from Ti0

2
-

rich biotite to Fe
2
0

3
-, FeO-, and MgO-rich biotite. In some samples, retrograde alteration 

of biotite has produced chlorite that commonly contains exsolved rutile needles. 
Muscovite occurs in medium- to coarse-grained, subhedral to anhedral plates and 
aggregates. Muscovite and biotite form the foliation planes in the gneisses. 

Accessory phases of the muscovite-rich and microcline-rich gneisses include 
garnet, clinozoisite-pistacite, chlorite, sphene, zircon, apatite, rutile, allanite, magnetite, 
kyanite, and sericite. Garnet is a common accessory phase that occurs in fine- to 
medium-grained, subhedral to anhedral, equant grains. The garnets are pink in plain light 
and locally have cracks filled with biotite or chlorite. Many garnets have inclusions of 
quartz, plagioclase, or biotite. Clinozoisite-pistacite rich in the pistacite end member is 
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very common in the felsic gneisses of all gneiss members. It occurs in fine- to medium
grained, subhedral, equant to tabular crystals and displays anomalous blue to brown and 
lemon-yellow interference colors. In grains lacking anomalous interference colors, 
clinozoisite-pistacite generally displays second to third order interference colors, 
indicating a substantial amount of ferric iron substitution for aluminum. 

Chlorite occurs as a retrograde product of biotite, and it commonly contains 
exsolved rutile needles. Where it is present, chlorite ranges in composition from length 
slow Fe-rich chlorite with anomalous blue interference colors, to length fast Mg-rich 
chlorite, with anomalous brown interference colors. Intermediate compositions are also 
present. The chlorite generally displays consistent optical properties within a single thin 
section, although the color of the chlorite may change when it is directly in contact with 
garnet or biotite. Apatite occurs in medium-grained, subhedral grains with moderate 
relief and low birefringence. 

Sphene is uncommon in the muscovite-rich gneisses. Where present, it occurs in 
fine-grained, subhedral to euhedral, prismatic and diamond-shaped grains with very high 
relief and birefringence. It is generally colorless to light yellow-brown. Zircon is a very 
common accessory mineral in the gneisses. It may occur in aggregate groups of several 
grains, but is generally evenly distributed throughout a thin section. It occurs in 
subhedral to anhedral, fine- to medium-grained crystals that are commonly zoned in 
color. Zircon commonly occurs within biotite and muscovite, surrounded by pleochroic 
halos. 

Rutile is occurs only as small opaque needles within chlorite grains that probably 
formed from retrograde alteration ofbiotite (Hollocher, 1981). Allanite, found in many 
of the gneiss samples, is commonly metamict, zoned, and forms deep yellow-brown, 
anhedral masses. Epidote commonly forms rims around coarse grains of allanite. 

Magnetite is abundant in yellow-weathering muscovite-rich gneisses from the 
middle-east part of the dome. Magnetite ranges from fine to coarse, subhedral to 
euhedral, equant, opaque grains. Close inspection of magnetite grains in hand specimen 
commonly shows a deep red-brown alteration that forms on and around the magnetite. 
This alteration may be a possible source for the splotchy yellow weathering of the 
muscovite-rich gneisses. Sericite occurs as fine-grained masses formed by weathering of 
feldspar and plagioclase. Samples selected for analysis contain little or no sericite. 

Kyanite is present in one sample from the middle-east part of the dome. It occurs 
in coarse, pale-blue laths that protrude from the outcrop surface. In thin section, it is 
colorless and contains inclusions of quartz and muscovite. This kyanite-gneiss is unique 
in the samples collected for this study, and probably reflects both the rock's high 
N~O/ISO ratio and high Al20 3 content. 
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Table I. Point-counted modes in thin sections of the muscovite-rich gneiss and the microcline-dch gneiss. Plagiocase Anorthite 

content (An%) was determined using the Michel-Levy albite twin method. tr= trace. Number of points= 800. Biotite color symbols are: 

d =dark, vd =very dark, m = medium, b =brown, g =green, r =red, op= opaque. 

Muscovite-rich Gneiss ( 1-17) 

Sample Number l I 1 ± J. .§ 1 ~ 2 lQ 11 
Quartz 46 38 48 33 31 31 38 33 34 44 41 

Plagioclase 40 41 26 35 44 41 30 43 41 36 37 
Microcline tr tr 2 22 11 2 tr tr I tr tr 

Muscovite 4 7 10 4 6 13 6 12 8 13 17 

Biotite 7 10 10 5 7 13 16 11 5 7 3 

Garnet 2 tr tr tr tr 
Kyanite 2 

Pistacite tr tr tr tr tr ,_. 
O'I Allanite tr tr tr 

Zircon tr tr tr tr tr tr tr tr tr 
Sphene tr tr 
Magnetite 2 tr I tr 
Apatite tr tr tr tr tr tr tr tr tr tr tr 

Chlorite tr tr I tr tr tr tr tr 2 

Ru tile ( exsolved) tr tr 

Seri cite tr tr tr tr tr tr 

Biotite Color mrb mb-mrb mgb db-op mrb mrb-drb dg-db dgb vdb-op mrb mrb 

Chlorite Interference Color blue brown brown blue blue blue blue violet blue 

Chlorite Elongation + - - + + + + + 
Plagioclase An% 27 25 28 26 26 27 27 27 29 28 28 
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Table I. Continued 

Muscovite-rich Gneiss ( 1-17) Microcline-rich Gneiss (18-21) 
Sample Number ll u H 12 lQ l1 il. .12 20 21 
Quartz 38 32 34 32 38 38 40 38 37 32 
Plagioclase 43 33 37 37 48 30 22 17 17 23 
Microcline 2 24 19 20 tr 14 30 35 34 32 

Muscovite 6 5 7 4 5 6 5 6 7 6 
Biotite 11 6 3 4 9 II 3 4 5 7 
Garnet tr tr I tr tr tr 
Kyanite 

Pistacite tr tr tr tr tr tr tr tr tr 
--.) Allanite tr tr tr 

Zircon tr tr tr tr tr tr 
Sphene 

Magnetite I tr 
Apatite tr tr tr tr tr tr tr tr tr 

Chlorite tr tr tr tr tr tr tr tr tr 
Rutile (exsolved) 

Seri cite tr tr tr tr tr tr 

Biotite Color dgb drb vdgb-op dgb-op dgb mrb mrb mrb vdrb mrb 
Chlorite Interference Color brown blue brown brown blue blue blue blue blue 
Chlorite Elongation - + - - + + + + + 
Plagioclase An% 26 28 29 29 26 28 28 26 26 27 



Table 2. Sample locations and hand specimen descriptions of the muscovite-rich gneiss and the 
microcline-rich gneiss. Samples were collected entirely within the Pelham Dome in central Massachusetts 
(Figure lA). General sample locations are shown in Figure 1 C. 

1 Fine-grained, light-gray, homogenous, muscovite-biotite-plagioclase gneiss. Sample is well 
foliated along layers of muscovite plates, with significant yellow weathering concentrated at the 
top of the outcrop surface. Sample contains very fine-grained, red garnets. From large N-S 
trending outcrop on west face of a small knob on southern tip of large hilltop, just east and uphill 
from contact with schists in the Mount Mineral Formation. Shutesbury quadrangle. 1030 ft. 
elevation. 

2 Medium-grained, medium-gray, biotite-plagioclase gneiss. Sample is moderately well foliated, 
with abundant fine, euhedral magnetite grains and minor fine-grained, red garnets. Yell ow 
weathering is very weak and splotchy. From foliated outcrop of gray gneiss, located just south of 
summit of large hill, NW of the intersection of Allen Road and route 202. Belchertown 
quadrangle. 

3 Medium-grained, medium-gray, muscovite-biotite-plagioclase gneiss. Sample is well foliated and 
contains very fine-grained, orange-red garnets and coarse-grained, pale blue kyanite laths. 
Sample is moderately homogenous, with minor chlorite plates associated with biotite. Sample 
from small outcrop on east-facing slope, 150 meters NNW of source of Gulf Brook. Shutesbury 
quadrangle. 890 ft. elevation. 

4 Medium-grained, light-gray to white, muscovite-biotite-plagioclase gneiss, with very fine-grained, 
subhedral, red garnet. Magnetite occurs in fine- to medium-grained, subhedral to euhedral grains. 
Yellow-red weathering is splotchy and concentrated around deep red-brown, altered magnetite. 
Muscovite occurs in medium to coarse plates. Biotite is uncommon; it occurs in fine, dark brown 
plates. From excellent outcrop of foliated yellow-gray gneiss, located on north bank of Gulf 
Brook, 150 meters west of inlet to Quabbin Reservoir. Windsor Dam quadrangle. 

5 Medium-grained, light-gray, muscovite-biotite-plagioclase gneiss with distinct yellow-brown 
weathering horizon that penetrates the first few centimeters of the outcrop surface. Hand 
specimen contains uncommon small patches of yellow weathering and minor amounts offine
grained, red garnet. From large outcrop of foliated felsic gneiss on SE side of Mount Mineral. 
Shutesbury quadrangle. 1080-1090 ft. elevation. 

6 Medium- to coarse-grained, medium-gray, well foliated, muscovite-biotite-plagioclase gneiss. 
Faint splotchy yellow weathering is concentrated in felsic layers. Coarse muscovite plates and 
fine- to medium-grained biotite plates, define a foliation. Sample from large outcrop on east side 
of west branch of stream at Holland Glenn. Belchertown quadrangle. 740-750 ft elevation. 

7 Medium-grained, medium-gray, muscovite-biotite-plagioclase gneiss. Muscovite occurs in coarse 
plates that define a foliation. Biotite and chlorite occur in fine to medium plates, with chlorite 
replacing biotite in some instances. Brown weathering is present on foliation surfaces; however, 
the bulk of this rock is very fresh. Sample from large N-S trending outcrop on east facing ridge 
that is 40-50 meters SSE of 1040 ft. summit of large N-S trending hill. Shutesbury quadrangle. 
1020-1025 ft. elevation. 

8 Medium-grained, light-gray, well foliated, muscovite-biotite-plagioclase gneiss, with thin lenses 
ofbiotite and coarse-grained white plagioclase. Yellow weathering is moderate and occurs in thin 
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Table 2. Continued 

layers rather than in isolated spots. From low outcrop northeast of Atherton Brook. Shutesbury 
quadrangle. 960-965 ft. elevation. 

9 Medium-grained, light-gray, muscovite-biotite-plagioclase gneiss. Sample is well foliated, with 
layers of yellow-red weathering. Fine- to medium-grained, red-orange garnets are present, 
commonly with biotite rims. Chlorite occurs with biotite, but is not abundant. Sample from 
highest of three large, west-facing outcrops. Shutesbury quadrangle. 955 ft. elevation. 

10 Fine- to medium-grained, light-gray, well foliated, muscovite-biotite-plagioclase gneiss. Sample 
is moderately homogenous, with deep yellow-brown spotty weathering. Magnetite occurs in fine, 
subhedral grains. From large outcrop 50 meters SE ofNNE bend in road, on west-facing slope, 
about 40 meters west of 1040 ft summit on large N-S trending hill. Shutesbury quadrangle. 
1010-1020 ft. elevation. 

11 Medium-grained, light-gray to white, very well foliated, muscovite-biotite-plagioclase gneiss. 
Foliation is defined by schistose layers, up to 1 mm. thick, of coarse muscovite plates. Biotite and 
chlorite occur in medium- to fine-grained plates. Chlorite is bright green and commonly 
associated with biotite. Yellow weathering is concentrated in mica-rich layers. From large, 
slabby outcrop on east-facing slope. Shutesbury quadrangle. 980-985 ft. elevation. 

12 Fine- to medium-grained, friable, biotite-plagioclase gneiss, with coarse muscovite plates 
concentrated on foliation surfaces and fine plates of pale brown to brown biotite. Locally, biotite 
contains a deep red alteration crust and is associated with faint yellow weathering. From outcrop 
on west side of trail 250 meters west, and up hill from, rusty schist outcrops of the Partridge 
Formation in the Pelham-Shutesbury syncline. Shutesbury quadrangle. 850 ft. elevation. 

13 Fine-grained, light-gray, muscovite-biotite-plagioclase gneiss. Moderately well foliated along 
layers of coarse muscovite and fine- to medium-grained biotite. Microcline occurs in medium- to 
coarse-grained, white to buff-colored crystals. Fine- to medium-grained, euhedral, red garnet is 
common, along with very fine, euhedral prisms of epidote. Sample is generally fresh, with faint 
yellow discoloration centered around darker red-brown weathered areas. From large outcrop of 
well foliated yellow-weathering gneiss, located on west side of gentle slope that is north of 
Atherton Brook, about 30 ft. north of large ledges ofFourmile Gneiss. Shutesbury quadrangle. 
945 ft. elevation. 

14 Medium-grained, light-gray, well foliated, muscovite-biotite-plagioclase gneiss, with abundant 
fine-grained, subhedral, red garnet. Muscovite occurs in medium to coarse plates and defines a 
foliation. Magnetite occurs in fine-grained, subhedral to euhedral grains and is commonly 
covered with a red-brown alteration. Biotite occurs in fine black plates, commonly with a red
yellow alteration. Yellow weathering is splotchy and moderate. From large outcrop of foliated 
yellow-weathering gneiss, located on south end of gentle slope, 300 meters east of trail. 
Shutesbury quadrangle. 980 ft. elevation. 

15 Fine- to medium-grained, light-gray to white, foliated, muscovite-biotite-plagioclase gneiss, with 
abundant fine-grained, subhedral, red garnet, and fine-to medium-grained, subhedral to euhedral 
magnetite. Magnetite commonly occurs with a deep red alteration crust. Where this occurs, a 
zone of yellow-brown discoloration, commonly on felsic phases, surrounds the magnetite. From 
outcrop on gentle eastern slope of long N-S trending hill, 100-150 meters south of Y-junction in 
trail. Shutesbury quadrangle. 970 ft. elevation. 

Continued next page 
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Table 2. Continued 

16 Fine- to medium-grained, medium-gray muscovite-biotite-plagioclase gneiss. Gneiss is 
moderately well foliated, with abundant biotite. Yellow weathering is very subtle. From large 
outcrops on SW side of long ridge between Cadwell Creek and Chaffee Brook. Windsor Dam 
quadrangle. 750 ft. elevation. 

17 Fine-grained, light-gray, well foliated, homogenous, muscovite-biotite-plagioclase gneiss, with 
abundant fine-grained, subhedral, red garnet. Moderate yellow-brown weathering is concentrated 
around biotite plates and on feldspars and quartz grains. From large outcrop on west-facing ledge 
I 00 meters SSE ofNNE bend in trail, 20 meters south of I 040 ft summit of large N-S trending 
hill. Shutesbury quadrangle. I 020 ft. elevation. 

18 Fine- to medium-grained, light-gray, foliated, muscovite-biotite-plagioclase-microcline gneiss 
with patchy yellow weathering throughout the sample. Sample contains small light gray to white 
felsic layers rich in coarse muscovite and microcline. Medium-grained garnets are present up to 
0.5 centimeters in diameter. From a low outcrop on SE side of hill, 250 meters north of 
intersection of Cooleyville Road and Prescott Road, and 50 meters SSE of steep ledges along 
contact with Mount Mineral Formation. Shutesbury quadrangle. 1170 ft. elevation. 

19 Fine-grained, light-gray, muscovite-biotite-plagioclase-microcline gneiss with coarse-grained 
muscovite plates and finer-grained biotite plates. Medium-grained, subhedral, red garnets are 
commonly rimmed with biotite plates. Magnetite is abundant and occurs in fine-grained, euhedral 
crystals. Sample is well foliated, with moderate yellow weathering. From large, well foliated 
outcrop located about 200 meters north ofy-junction between Cooleyville Road, Prescott Road, 
and Shutesbury Road, on SSE side oflarge hill. Shutesbury quadrangle. 1130 ft. elevation. 

20 Fine-to medium-grained, light-gray, moderately homogenous, muscovite-biotite-plagioclase
microcline gneiss with splotchy yellow weathering. Muscovite plates define a moderate foliation. 
Sample contains medium- to coarse-grained, red garnet. 2 cm. layers ofpegmatite run along the 
upper contact of the sample; these layers were excluded from the sample during preparation for 
geochemical analysis. From large, well foliated, east-west trending outcrop located about 150 
meters north of y-junction between Cooleyville Road, Prescott Road, and Shutesbury Road, on 
SSE slope of large hill. Shutesbury quadrangle. 1110 ft. elevation. 

21 Fine-grained, light-gray, well foliated, homogenous, muscovite-biotite-plagioclase-microcline 
gneiss, with moderate yellow-red weathering that is concentrated around biotite plates. White 
microcline occurs in grains up to one centimeter in diameter. From a low outcrop on south end of 
hill, 280 meters north of intersection of Cooleyville Road and Prescott Road, and 50 meters east 
of steep ledges along contact with Mount Mineral Formation. Shutesbury quadrangle. 1210 ft. 
elevation. 
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Microcline-rich Gneiss 

These gneisses contain greater than 4 % muscovite, have a muscovite/biotite ratio 
greater than 0.6, and have greater than 30 % microcline. Microcline occurs in fine- to 
medium-grained, anhedral to subhedral crystals and as coarse grained, subhedral 
porphyroblasts. The microcline-rich gneisses are mineralogically most similar to the 
muscovite-rich gneisses; however, they do not contain magnetite or allanite. 

In spite of significant variations in mineralogy, the muscovite-rich gneisses and 
the microcline-rich gneisses have a generally consistent texture. They are medium to 
coarse grained, with a dominant foliation defined by muscovite- and biotite-rich layers. 
Quartz commonly occurs as stretched ribbons that define a lineation in some samples. 
These quartz ribbons display extensive rectangular sub-grains that are oriented 
perpendicular to the length of the ribbons. These sub-grains result from local ordering of 
dislocations during grain boundary migration (Poirier, 1985). Rotational recrystallization 
has produced small neoblasts around cores of original quartz grains. Strain features seen 
in quartz may be found in plagioclase; however, the plagioclase is generally less strained. 
Phase boundaries include 120° junctions between similar phases, and right angle 
boundaries between quartz or plagioclase, and mica. 

Muscovite-poor Gneiss 

These gneisses contain less than 4 % muscovite and have a muscovite/biotite ratio 
less than 0.5. They invariably contain quartz, oligoclase, and biotite. Muscovite, garnet, 
cummingtonite, chlorite, pistacite, allanite, zircon, sphene, magnetite, exsolved rutile, 
sericite, and apatite may occur in a variety of combinations and amounts. Microcline 
contributes 16 % to 19 % of the mode in some samples, but it is commonly less than 8 % 
and may be absent altogether. Quartz, oligoclase, microcline, muscovite, biotite, garnet, 
chlorite, pistacite, allanite, zircon, sphene, magnetite, exsolved rutile, sericite, and apatite 
occur in similar habits as those in the muscovite-rich gneiss, and descriptions of these 
phases do not warrant repetition here. 

Cummingtonite occurs in sample 24. The cummingtonite is colorless to pale 
yellow-green and fine- to medium-grained. It occurs in end sections with distinctive 
124°-56° cleavage and in length-slow prisms showing second-order yellow interference 
colors and Z l\C of 18°, with distinctive twinning on 100 and exsolution lamellae of 
monoclinic amphibole on "l 00". The 2V is 80°, it is optically positive, with r>v 
dispersion. Based on these optical properties, the cummingtonite has a Fe/(Fe+Mg) ratio 
of 0.50 to 0.55. 

The muscovite-poor gneisses occur in a variety of textures. Most of the samples 
collected are well foliated along biotite-rich layers and show some strain features 
including undulose extinction and the development of sub-grains in quartz. The state of 
recrystallization in these rocks is variable, but most samples show some development of 
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Table 3. Point-counted modes in thin sections of the muscovite-poor gneiss. Plagiocase Anorthite content (An%) was determined 
using the Michel-Levy albite twin method. tr= trace. Number of points= 800. Biotite color symbols are: d =dark, vd =very dark, 

m = medium, b = brown, g = green, r =red, op= opaque. 

Muscovite-poor Gneiss (22-43) 
Sample Number 22 23 24 25 26 27 28 29 30 .ll 32 
Quartz 33 38 45 52 36 45 41 37 47 45 32 
Plagioclase 43 36 41 37 41 40 46 47 42 43 39 
Microcline 7 16 tr 15 2 4 4 5 17 
Cu mm ingtonite 6 

Muscovite I tr tr tr tr I tr 3 3 
Biotite II 9 6 9 6 13 8 9 6 7 10 
Garnet 2 tr tr tr 1 1 tr --
Pistacite tr tr tr tr tr tr tr tr 

Allanite tr tr tr tr tr tr tr tr 
N 

Zircon tr tr tr tr tr tr tr tr N 

Sphene tr 

Magnetite I I 2 I I tr 2 tr 

Apatite tr tr tr tr tr tr tr tr tr tr tr 

Chlorite tr · tr I tr tr tr tr tr tr tr tr 

Rutile (exsolved) tr tr tr tr tr 

Sericite tr tr tr tr tr tr tr tr tr 

Biotite Color vdg-op vdg-op dgb dgb-op dgb vdgb-op mrb vdb-op vdrb-op dgb-op dgb-op 

Chlorite Interference Color blue blue brown blue violet blue blue brown blue brown violet 

Chlorite Elongation + + - + + + - + 

Cummingtonite 2V 80 
Cummingtonite Z"'C 18 

Plagioclase An% 26 26 25 17 30 24 23 25 25 26 15 
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Table 3. Continued 

Muscovite-poor Gneiss (22-43) 
Sample Number 33 34 35 36 37 38 39 40 il 42 43 
Quartz 41 39 44 37 42 37 43 42 40 35 41 
Plagioclase 46 49 35 47 37 40 39 35 41 24 52 
Microcline 4 2 5 tr 7 10 7 12 8 23 
Cumminj,tonite 

Muscovite 2 l 3 4 3 tr 7 tr 2 
Biotite 6 8 7 12 9 8 tr 9 8 6 7 
Garnet tr I tr 2 I 2 tr 

Pistacite tr tr tr tr tr tr tr tr tr tr 
Allanite tr tr tr tr tr tr tr tr tr 

N 
Zircon vJ tr tr tr tr tr tr tr tr 
Sphene 
Magnetite tr tr 
Apatite tr tr tr tr tr tr tr tr tr tr tr 

Chlorite tr tr 2 tr tr tr I tr tr tr 
Rutile (exsolved) tr tr tr tr 
Seri cite 2 tr tr 2 tr 

Biotite Color vdg-op vdg-op dgb-op mrb dg dgb dgb vdg-drb vdgb-op dgb dgb 
Chlorite Interference Color violet blue blue brown blue brown blue blue blue blue 
Chlorite Elongation + + - + - + + + + 
Cummingtonite 2V 
Cummingtonite ZAC 

Plagioclase An% 24 25 26 25 37 22 23 28 26 28 30 



Table 4. Sample locations and hand specimen descriptions of the muscovite-poor gneiss. Samples were 
collected entirely within the Pelham dome in Central Massachusetts (Figure IA). General sample locations 
are shown in Figure 1 C. 

22 Medium-grained, medium- to light-gray, well foliated, muscovite-biotite-plagioclase gneiss, with 
yellow weathering that is concentrated at the surface of the outcrop. Muscovite occurs in medium 
to coarse plates and in masses of plates. Biotite occurs in fine-grained, dark brown to black plates. 
Garnet occurs in fine-grained, euhedral, red grains. From low outcrop in small saddle about 150 
meters east of Gulf Brook, 200 meters north of trail. Shutesbury quadrangle. 850-860 ft. 
elevation. 

23 Fine- to medium-grained, light- to medium-gray, biotite-plagioclase gneiss. Sample is well 
foliated along layers ofbiotite plates. Sample contains abundant medium- to coarse-grained, 
salmon-pink microcline porphyroblasts and very fine, euhedral, red garnet and euhedral 
magnetite. Sample shows no significant weathering. From large, slabby outcrops of friable felsic 
gneiss, east of route 202, on west side of ridge, 150 meters south of sample 26. Belchertown 
quadrangle. 575 ft. elevation. 

24 Fine- to medium-grained, light to medium gray, well foliated, biotite-plagioclase gneiss with 
minor chlorite and colorless to light green, tabular grains of cummingtonite. Small quartz ribbons 
define a lineation on foliation surfaces. From small outcrop of foliated gneiss in contact with 
underlying hornblende amphibolite, located west of the intersection ofroute 202 and Allen Road, 
on south side of round hill about 15 meters south of water tower at summit. Belchertown 
quadrangle. 650-655 ft. elevation. 

25 Fine-grained, light-gray, muscovite-biotite-plagioclase gneiss. Well foliated sample with a 
moderate degree of yellow weathering. Fine-grained, subhedral red garnets with biotite rims are 
abundant. Magnetite occurs in fine-grained, subhedral to euhedral crystals. From large outcrop 
on SE side of shallow valley, 250 meters east of trail. Shutesbury quadrangle. 960 ft. elevation. 

26 Medium-grained, medium-gray, biotite-plagioclase gneiss, with abundant medium-grained, pale 
pink to buff-colored microcline and fine-grained, euhedral magnetite. Sample shows faint yellow
brown discoloration that is not splotchy as in most of the yellow-weathering gneisses. From large, 
slabby outcrops of friable felsic gneiss, east of route 202, on west side ofridge. Belchertown 
quadrangle. 575 ft. elevation. 

27 Medium-grained, medium-gray, biotite-plagioclase gneiss, with small isolated patches ofyellow
brown discoloration similar to the yellow weathering seen in the lower gneiss member. Sample is 
well foliated and very homogenous. From outcrop of gray gneiss, located 50 meters west of 
intersection of jeep trail and route 202. Shutesbury quadrangle. 930 ft. elevation. 

28 Medium- to coarse-grained, foliated, medium-gray, biotite-plagioclase gneiss with abundant 
yellow weathering patches. Sample contains quartz-rich layers that are separated from more 
plagioclase-rich layers by sheets ofbiotite. Coarse white megacrysts ofmicrocline are present up 
to one centimeter in diameter. From large outcrop on southern end of summit of the hill NE of 
Cobb Brook. Shutesbury quadrangle. 950 ft. elevation 

29 Medium-grained, well-foliated, biotite-plagioclase gneiss, with abundant fine-grained, subhedral, 
red garnets that are commonly rimmed with biotite. Magnetite occurs in fine, euhedral grains. 
Yellow weathering is abundant and occurs in patches. Microcline is uncommon, and it occurs in 
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Table 4. Continued 

medium-grained, white to salmon pink grains. From outcro~ on SE facing slope north of Purgee 
Brook. Shutesbury quadrangle. 915 ft. elevation. 

30 Fine-grained, very-light-gray, biotite-plagioclase gneiss, with a weak foliation along layers of 
biotite plates. Sample contains fine-grained, euhedral magnetite and fine-grained, buff-colored 
microcline. Patchy yellow weathering occurs with deep yellow to brown-red discoloration in the 
centers of the patches. The deep discoloration is commonly associated with biotite and magnetite, 
while the lighter discoloration generally occurs on plagioclase and quartz. From large ledge 
outcrops of foliated felsic gneiss, located north of the intersection of route 202 and Cobb Brook, 
40-50 meters east of route 202. Shutesbury quadrangle. 790-800 ft. elevation. 

31 Fine-grained, light-gray, muscovite-biotite-plagioclase gneiss. Sample is well foliated and 
homogenous. Quartz occurs as individual grains and in elongated rods. Accessory phases include 
coarse, subhedral, red garnet up to 1.5 centimeters in diameter and fine-grained, euhedral 
magnetite. Yellow weathering is faint. From small outcrop on gentle, east-facing, downhill slope 
along small stream bank (not on topographic quadrangle map), and 70 meters east of trail. 
Shutesbury quadrangle. 970 ft. elevation. 

32 Fine-grained, light-gray, well foliated, muscovite-biotite-plagioclase gneiss. Sample is slightly 
layered, with concentrations ofbiotite plates forming dark layers and concentrations of 
plagioclase and quartz forming lighter layers. Muscovite occurs in medium- to coarse-grained 
plates, and biotite occurs in fine-grained, dark brown plates. Sample has moderate yellow 
weathering, with a deep orange-red crust on some biotite plates. Fine-grained, subhedral, red 
garnets are abundant. From small outcrop on west side of small knob, 40 meters east of sample 
22, east of Gulf Brook. Shutesbury quadrangle. 

33 Medium- to coarse-grained, medium-gray, biotite-plagioclase gneiss. Sample contains medium to 
coarse muscovite plates, medium-grained, buff-colored microcline, fine-grained, subhedral, red 
garnet, and fine-grained, subhedral magnetite. Sample is weakly foliated and shows faint splotchy 
yellow weathering. From outcrop 30 meters NNE of Cobb Brook, just west of the Pelham
Shutesbury syncline. Shutesbury quadrangle. 850 ft. elevation. 

34 Medium- to coarse-grained, medium-gray, foliated biotite-plagioclase gneiss, with minor 
muscovite and coarse microcline megacrysts up to 2.5 cm. in diameter. Very fresh sample, with 
minor yellow-brown weathering associated with muscovite and biotite. From small outcrop 20 
meters east of west bend in Cobb Creek. Shutesbury quadrangle. 860 ft. elevation. 

35 Medium-grained, medium-gray, biotite-plagioclase gneiss with minor buff-colored microcline and 
pale green chlorite. Garnet is abundant, and it occurs in fine-grained, subhedral crystals. 
Magnetite occurs in fine-grained, subhedral to euhedral crystals. Sample is weakly foliated along 
layers of coarse muscovite and fine biotite. From flat outcrops on SE facing hill slope, 200-250 
meters south ofY-junction in trail. Shutesbury quadrangle. 960-970 ft. elevation. 

36 Medium-grained, gray-weathering, muscovite-biotite-plagioclase gneiss with a moderate foliation 
along layers ofbiotite plates. Sample contains minor medium-grained, red garnet and pale green 
chlorite. From large outcrop of foliated gneiss, located 300-350 meters south of termination of 
foot path on flat crest at 1040 ft. elevation. Shutesbury quadrangle. 985 ft. elevation. 

37 Fine-grained, medium-gray, foliated, biotite-plagioclase gneiss. Sample is generally very 
homogenous, with rare white to light salmon pink microcline megacrysts up to two centimeters in 
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Table 4. Continued 

diameter. Medium-grained, red garnets up to 0.5 centimeters in diameter are abundant, commonly 
with biotite rims. Sample shows a few faint yellow patches of weathering. From the lowest of 
three large, west facing outcrops. Shutesbury quadrangle. 935 ft. elevation. 

38 Medium-grained, medium-gray, biotite-plagioclase gneiss, with abundant medium-grained, buff
colored microcline and fine-grained, euhedral magnetite. Sample shows faint yellow-brown 
discoloration that is not splotchy as in most of the yellow-weathering gneisses. From large, slabby 
outcrops of friable felsic gneiss, east ofroute 202. Belchertown quadrangle. 575 ft. elevation. 

39 Fine-grained, medium-gray, biotite-plagioclase gneiss with abundant fine- to medium-grained, 
buff-colored microcline, very fine, subhedral, red garnet, and fine-grained, euhedral magnetite. 
Sample is moderately well foliated and does not show significant weathering. From outcrop of 
foliated felsic gneiss, located west of intersection of route 202 and Allen Road, on NW side of 
round hill, about 35 ft. SE of sample 55. Belchertown quadrangle. 625-630 ft. elevation. 

40 Fine-grained, medium-gray, biotite-plagioclase gneiss with abundant fine-grained, red garnet. 
Biotite layers define a strong foliation. Sample contains faint brown weathering along felsic 
layers. Sample is only moderately homogenous, with layers varying mainly in the amount of 
biotite. From large outcrops of foliated gray gneiss, located on southeast end of large hill, 70 
meters west of sharp bend in jeep trail. Shutesbury quadrangle. 845 ft. elevation. 

41 Medium-grained, light-gray, moderately homogenous, muscovite-biotite gneiss with thin, light
colored felsic layers. Sample is well foliated with moderate yellow weathering at the surface of 
the outcrop. From large outcrop of massive to foliated gray gneiss, located 20 meters west of 
junction of Gulf Brook and small stream from the southwest. Windsor Dam quadrangle. 640-645 
ft. elevation. 

42 Medium-grained, light-gray, muscovite-biotite-plagioclase gneiss. Sample is well foliated and 
moderately homogenous, with pervasive yellow-brown weathering near the surface of the outcrop. 
Many fine, subhedral garnets and minor amounts of chlorite, are present. Sample from outcrop of 
foliated gneiss on SE end of knob, north of Purgee Brook. Shutesbury quadrangle. 940-950 ft. 
elevation. 

43 Fine- to medium-grained, medium-gray, homogenous, muscovite-biotite-plagioclase gneiss. 
Sample is well foliated with rare thin felsic layers that do not contain abundant mica; these layers 
are up to three centimeters thick and are dominated by fine- to medium-grained plagioclase. 
Yellow weathering is faint below the surface of the outcrop. From large outcrop of well-foliated 
felsic gneiss located 50 meters west of jeep trail between Cadwell Creek and Chaffee Brook. 
Windsor Dam quadrangle. 725 ft. elevation. 
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quartz neoblasts, 120° junctions between similar phases, and right angle phase boundaries 
between quartz or feldspar, and biotite. Many samples contain coarse plagioclase or 
microcline megacrysts and stretched quartz ribbons that provide a weak lineation in 
somesamples. Samples 28, 33, and 34 are weakly foliated, and show less strain than 
other samples. 

Weathering of the muscovite-poor gneisses may cause faint- to moderately-deep
yellow patches throughout the rock. This weathering is very similar to the yellow 
weathering in the muscovite-rich gneiss and microcline-rich gneiss, however; it is not so 
common. The muscovite-poor gneisses generally weather to a medium-gray color; for 
this reason, they were originally named the "gray-weathering gneisses" in contrast to the 
muscovite-rich "yellow-weathering gneisses" at the base of the unit. The gneisses are 
grouped primarily on their mineralogy rather than their weathering characteristics 
because of the occurrences of yellow weathering throughout the unit, although the 
muscovite-rich gneisses generally show yellow-weathering and the muscovite-poor 
gneisses do not. Using mineralogy to distinguish the gneisses provides a quantitative 
criterion rather than relying on a qualitative estimate of weathering characteristics. The 
two grouping methods are discussed below. 

Tailrace Gneiss 

These gneisses were collected by Robinson from the Tailrace Tunnel at the 
Northfield Mountain project. Petrography and sample descriptions were completed by 
Hodgkins (1985). Mineralogically, these gneisses are most similar to those muscovite
poor gneisses that contain abundant microcline. Descriptions of mineral phases are found 
in Hodgkins, pages 30-31 (Hodgkins, 1985). 

Northern Gneiss 

These gneisses are exposed in the Jack's Brook recumbent anticline and in the 
area of Roman T. Hill in the northern part of the Pelham dome. The northern gneiss 
forms a thick, isolated belt of Fourmile Gneiss that is separated from the rest of the unit 
by a thin layer of Partridge Formation schist and is interpreted as a recumbent anticline. 
It contains quartz, plagioclase, biotite, garnet, pistacite, zircon, sphene, apatite, calcite, 
and minor sericite, and it commonly contains abundant hornblende. 

Plagioclase occurs in medium- to coarse-grained, subhedral grains. The 
plagioclase is andesine, with a composition of An

38
• This is the most calcic plagioclase 

composition among any of the Gneiss members. Plagioclase al bite twinning is well 
pdeveloped in the samples examined. 

Gamet occurs in very fine- to fine-grained, subhedral grains. It is very pale pink 
to pale orange in hand sample. 
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Table 5. Estimated modes in thin sections of the tailrace gniess and point-counted modes in thin sections of the northern gneiss. 

Tailrace Gneiss data from Hodgkins ( 1985). Point-counted modes are based on 800 points. Plagioclase Anorthite content (An%) was 

measured by the Michel-Levy albite twin method. t =trace. Color symbols are: d =dark, m =medium, b =brown, g =green, r =red, bl= blue. 

Tailrace Gneiss (44-47) Northern Gneiss (48-55) 
Sample Number 44 45 46 47 48 49 50 ii 52 53 
Quartz 37 29 27 39 24 24 34 32 31 32 
Plagioclase 40 39 44 33 35 36 27 31 37 42 

Microcline 13 14 13 15 tr tr 18 9 12 4 
Hornblende 12 29 12 

Biotite 6 12 13 9 24 9 16 20 24 17 
Garnet tr tr 2 tr 2 

Pistacite 4 6 3 4 2 tr 5 8 6 tr 
Allanite tr tr tr tr tr tr tr 

N Zircon tr tr tr tr tr tr tr 
00 

Sphene 1 tr 
Apatite tr tr tr tr tr tr tr tr tr 

Opaque tr tr tr tr 

Chlorite tr tr tr tr 

Sericite tr tr tr tr tr tr tr tr 

Calcite tr 2 tr 

Biotite Color rb rb rb b drb mrb drb drb dgb drb 
Hornblende Color mbl-g mbl-g mbl-g 

Hornblende 2V 70 70 68 

Hornblende Z"C 15 15 15 

Plagioclase An% 23 24 26 26 38 38 28 28 26 36 
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Northern Gneiss (48-55) 
Sample Number 54 55 
Quartz 34 32 
Plagioclase 34 31 
Microcline 10 7 
Hornblende 7 13 

Biotite 14 14 
Garnet 1 

Pistacite tr 2 

Allanite tr tr 

N 
Zircon tr tr 

\0 Sphene tr tr 

Apatite tr tr 
Opaque 

Chlorite 
Seri cite tr 
Calcite 

Biotite Color drb drb 
Hornblende Color mbl-g mbl-g 
Hornblende 2V 70 68 
Hornblende Z"·C 17 15 
Plagioclase An% 38 32 



Table 6. Sample locations and hand specimen descriptions of the tailrace gneiss and the northern gneiss. 
Tailrace gneiss are samples 44-47, and northern gneiss are samples 48-55. Samples were collected entirely 
within the Pelham dome in Central Massachusetts (Figure IA). General sample locations are shown in 
Figure IC. 

44 Light-gray fine-grained, homogenous feldspar-biotite gneiss with one 1 mm thick layer of white 
feldspar. Northfield Mountain Project, Tailrace Tunnel, I 848 feet from west end (Hodgkins, 
I985). Millers Falls quadrangle. Hodgkins' sample TRI8+48. 

45 Light-gray fine-grained feldspar-biotite gneiss. Two 8 mm thick layers slightly enriched in 
biotite. Northfield Mountain Project, Tailrace Tunnel, I 843 feet from west end (Hodgkins, I 985). 
Millers Falls quadrangle. Hodgkins' sample TRI8+45. 

46 Light-gray fine-grained feldspar-biotite gneiss. Homogenous except for rare I mm thick white 
feldspar layers. Northfield Mountain Project, Tailrace Tunnel, I 700 feet from west end 
(Hodgkins, 1985). Millers Falls quadrangle. Hodgkins' sample TRI 7+00. 

47 Light-gray fine-grained feldspar-biotite gneiss with two pink and white feldspar layers each 3 mm 
thick. Augen within the layers up to I cm long. Northfield Mountain Project, Tailrace Tunnel, 
I 790 feet from west end (Hodgkins, 1985). Millers Falls quadrangle. Hodgkins' sample 
TRI7+90. 

48 Medium-grained, dark-gray, well foliated, biotite-plagioclase-northern gneiss. Hornblende forms 
a strong lineation on the foliation surface. Sample does not show any weathering. Medium- to 
fine-grained, subhedral, pale pink garnet is commonly associated with biotite. From large, 
foliated outcrops of gray gneiss in contact with overlying Clough quartzite, located on steep slope 
on west side of Crag Mountain, 26 meters west of old trail. Northfield quadrangle. 13 IO- I 320 ft. 
elevation. 

49 Medium-grained, dark-gray, well foliated, biotite-plagioclase-hornblende gneiss, with a strong 
hornblende lineation on the foliation surface. Fine cavities are present that most likely represent 
weathering or plucking of a former phase, possibly calcite. Hornblende occurs in dark brown
green to black laths up to I cm. long. Biotite occurs in fine- to medium-grained, brown to black 
plates. Local zones of orange-yellow discoloration are concentrated along layers with abundant 
quartz and plagioclase. Fine- to medium-grained, subhedral, pale-pink garnet occurs in garnet and 
pistacite-rich layers. Sample from large, foliated outcrops of gray gneiss in contact with overlying 
Clough quartzite, located on steep slope on west side of Crag Mountain, 26 meters west of old 
trail, and 28 meters NNW of sample 48. Northfield quadrangle. 13 I 0-1320 ft. elevation. 

50 Fine-grained, medium-gray, well foliated, homogenous, biotite-plagioclase-microcline gneiss. 
Sample is very fresh. Biotite occurs in fine- to medium-grained, black plates and defines the 
foliation. Epidote occurs in fine, subhedral, olive-green grains. Locally, the sample contains 
aggregates offelsic minerals, mostly pale pink microcline with some quartz and plagioclase, that 
lie parallel to the foliation but do not form complete layers in the rock. A sulfide phase appears to 
be present, although it is very rare. Where the sulfide occurs, it is commonly associated with a 
small pit that likely results from weathering of the sulfide phase. In thin section, deep brown
orange alteration occurs around opaque grains and this is likely the alteration of a sulfide phase 
that is seen in the hand specimen. Sample is from very large, flat-lying outcrop of dark biotite 
gneiss that crosses the stream located east and uphill of Old Wendell Road. Sample taken from 
the south side of the outcrop, just above the stream bank. Northfield quadrangle. 830 ft. 
elevation. 

Continued next page 
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Table 6. Continued 

51 Fine-grained, medium-gray, well foliated, homogenous, biotite-plagioclase-microcline gneiss. 
Sample is very fresh, with rare occurrences of deep red-brown alteration on biotite plates. Quartz 
occurs in equigranular to slightly elongated fine to medium grains. Biotite occurs in medium
grained plates and aggregate grains. Epidote occurs in very fine-grained, subhedral, olive-green 
grains. Sample is from large, east-facing ledge that dips gently to the north. Outcrop is ten meters 
south of stream located east and uphill of Old Wendell Road. Northfield quadrangle. 790 ft. 
elevation. 

52 Fine-grained, medium-gray, well foliated, homogenous, biotite-plagioclase-microcline gneiss. 
Sample is very fresh, with rare occurrences of deep red-brown alteration on biotite plates and local 
patches of orange-brown discoloration on some felsic grains. Quartz occurs in equigranular to 
slightly elongated fine to medium grains. Biotite occurs in medium-grained, brown to black 
plates and aggregate grains. Epidote occurs in very fine-grained, subhedral, olive-green grains. 
Sample is from the lowest of a series of large, gently dipping outcrops that cross the bed of the 
stream located east and uphill of Old Wendell Road. Northfield quadrangle. 710 ft. elevation. 

53 Medium-grained, medium-gray, weakly to moderately-well foliated, moderately homogenous, 
biotite-plagioclase-hornblende gneiss. Sample is very fresh. Hornblende occurs in medium
grained, black grains and defines a weak N-S lineation. Biotite occurs in fine- to medium
grained, black plates and defines the foliation. Garnet occurs in fine-grained, subhedral, red 
grains. Plagioclase and quartz occur in medium-grained, equigranular to slightly elongated grains. 
Microcline occurs in fine- to medium-grained, equigranular, white grains. Sample is from small, 
low-lying outcrops on S-SW side of the summit of Roman T. Hill, immediately below an outcrop 
of well foliated pegmatite. Northfield quadrangle. 1110-1120 ft. elevation. 

54 Medium-grained, medium-gray, well foliated, biotite-plagioclase-hornblende gneiss. Hornblende 
occurs in medium to coarse, subhedral, black grains. Biotite occurs in fine- to medium-grained, 
black plates and defines the foliation. Plagioclase and quartz occur in fine- to medium-grained, 
equigranular, subhedral to anhedral grains. Garnet occurs in very fine, red grains. Microcline 
occurs in fine- to medium-grained, subhedral to anhedral, light pink to buff-colored grains. 
Sample is from a small, low outcrop on west side of Roman T. Hill. Northfield quadrangle. 
1040-1050 ft. elevation. 

55 Fine- to medium-grained, medium-gray, well foliated, biotite-plagioclase-hornblende gneiss. 
Hornblende occurs in medium- to coarse-grained, black grains that define a strong N-S lineation. 
Biotite occurs in medium-grained, black plates that define the foliation. Gamet occurs in fine
grained, subhedral, red grains. Sample is moderately homogenous, with local concentrations of 
quartz and feldspar grains that lie parallel to the foliation, but do not form complete layers in the 
rock. Sample is from large pavement outcrops at the entrance to small logging road that is not on 
the topographic map. Outcrops are 40 meters west of the trail that runs over Roman T. Hill. 
Northfield quadrangle. 1110-1115 ft. elevation. 
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Hornblende occurs in medium- to coarse- grained, subhedral, black grains with a 
stubby-prismatic habit. The hornblende shows blue to blue-green pleochroism parallel 
tothe Z vibration direction. It has a 2V of 70° and a negative optic sign with dispersion 
r>v. The Hornblende is length-slow, with ZAC of 15°. It is commonly twinned and may 
contain inclusions of quartz and plagioclase. 

Calcite occurs in medium-grained, subhedral plates with distinctive twinning and 
high birefringence. Calcite is restricted to the northern gneiss. 

Sphene occurs in very fine-grained, colorless to light yellow-brown, euhedral, 
diamond-shaped crystals, with very high relief and birefringence. Sphene varies in 
amount and distribution from only a few isolated grains to a large number of grains that 
generally occur in concentrated pockets within the rock. 

The northern gneiss has a metamorphic texture with extensive sub-grain 
development in quartz and with a moderate amount of recrystallization displayed by 
sharp 120° junctions between quartz and plagioclase. The samples are well foliated, with 
strong N-S trending hornblende lineations, where hornblende is present. These gneisses 
are not as extensively weathered as the gneisses from the central and southern part of the 
dome. 

Classification of the Gneisses Based on Mineralogy 

Streckeisen diagrams can be used to compare classifications of the Fourmile 
Gneiss using normative and modal mineralogy. Based on their modes, the gneisses are 
classified as mainly granodiorite and tonalite (Figure 2A). This is contrasted with the 
normative mineralogies, in which the majority of the gneisses plot in the granodiorite 
field, with fewer analyses in the tonalite field (Figure 2B). The ratio of quartz to 
plagioclase is fairly consistent in both figures, although the northern gneiss samples have 
significantly higher modal quartz to plagioclase ratios than their norms suggest; this 
discrepancy is also seen in the tailrace gneisses, for which modes were estimated. K
feldspar is the most significant variable between the modes and the norms, with norms 
generally showing higher K-feldspar content than modes. This discrepancy is best 
explained by the presence of K-bearing muscovite and biotite in the gneisses. The 
normative mineralogy reflects the expected igneous phases that would form from the 
rock's bulk composition; however, it does not account for the mineral changes that took 
place during metamorphism, in which micas probably grew at the expense of feldspar. 
Modes of the four microcline-rich gneisses agree well with their norms in spite of the 
abundance of mica in these rocks. 

Figure 3A shows the mineralogic basis for the grouping of the gneisses in this 
study. While all of the gneisses contain abundant biotite, the amount of muscovite 
variessignificantly. The muscovite-poor gneisses are restricted to the lower left comer of 
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Figure 2. Plot of all gneisses on a Streckeisen diagram. Figure 2A is a plot of point-counted modes 
(800 points) and figure 2B is a plot of volume norms. Symbols are as follows: muscovite-rich gneiss 
are open triangles, microcline-rich gneiss are filled triangles, muscovite-poor gneiss are open squares, 
tailrace gneiss (Hodgkins, 1985) are filled squares, and northern gneiss are open diamonds. 
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the figure, a region bounded by 0 % to 4 % modal muscovite and a modal 
muscovite/biotite ratio between 0 and 0.5. The muscovite-rich and microcline rich 
gneisses plot in the opposite quadrant, bounded by 4 % to 17 % modal muscovite and a 
modal muscovite/biotite ratio between 0.5 and 5.7. Gneisses from the tailrace gneiss and 
the northern gneiss do not contain muscovite and are therefore not plotted. 

The gneiss grouping compares fairly well with a previous grouping of the 
gneisses as two types based on observations made during field mapping in the western 
part of the Pelham dome (Figure 3B). The field-based grouping included a lower, 
"yellow-weathering", muscovite-rich gneiss member that included hornblende 
amphibolite and an upper, "gray-weathering", biotite gneiss member. Seven gneisses 
mapped as "gray-weathering" gneiss were collected. Of these, six were grouped as 
muscovite-poor gneiss and one was grouped as muscovite-rich gneiss. Twenty-nine 
gneisses mapped as "yellow-weathering" gneiss were collected. Of these, fourteen were 
grouped within the muscovite-rich gneiss, four were grouped within the microcline-rich 
gneiss, and eleven were grouped within the muscovite-poor gneiss. Thus, "gray 
weathering" gneisses are generally restricted to the muscovite-poor gneiss, but "yellow
weathering" gneisses are abundant in the muscovite-rich gneiss and the muscovite-poor 
gneiss. Amphibolites, as predicted by the field-based grouping, are mainly associated 
with the "yellow weathering" gneiss. 

Amphibolite 

Amphibolites in the Fourmile Gneiss are most commonly associated with the 
muscovite-rich gneisses at the base of the unit, although they also occur in the upper part 
of the unit and in the gneisses in the northern part of the Pelham dome. The amphibolites 
form thin continuous lenses within outcrops of gneiss and may form small, low ledges in 
areas where gneisses are not exposed. The amphibolites are dominated by blue-green 
pleochroic hornblende and by calcic plagioclase. All of the amphibolites contain quartz, 
most contain epidote and few contain garnet. Texture of the amphibolites varies from 
very well foliated, medium to coarse, with strong hornblende lineations, to moderately
well foliated and coarse, with abundant plagioclase that gives the rocks a salt-and-pepper 
appearance. 

Plagioclase occurs in medium grained, subhedral grains that are commonly 
twinned, but also can be untwinned. The most-calcic plagioclase in these samples is 
andesine (An

35
). 

Hornblende occurs in medium to coarse, black lath-shaped grains that define a 
strong N-S lineation. It is commonly twinned and in some samples it contains exsolution 
lamellae that is probably curnmingtonite. Epidote occurs in twinned, fine to medium 
grains with high birefringence. 
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Figure 3. Charts ofFounnile Geiss grouping criteria. Figure 3A plots the modal percentages 
of muscovite versus the ratio of muscovite to biotite in gneisses from the muscovite-rich 
gneiss, microcline-rich gneiss, and muscovite-poor gneiss. Samples from the northern gneiss 

and the tailrace gneiss have no muscovite and are therefore not plotted. Figure 3B displays 
the relative distribution of Fourmile Gneiss members in the field-based categories of "yellow

weathering" and "gray-weathering" types. Symbols for Figure 3A are as follows: muscovite

rich gneiss are open triangles, microcline-rich gneiss are filled triangles, and muscovite-poor 
gneiss are open squares. 
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Table 7. Thin section modes of the Founnile Gneiss amphibolite. Point-counted modes (samples 56, 59, 60, and 62) are based on 
800 points. Modes for samples 57, 58, and 61 are estimated. Plagioclase Anorthite content (An%) was detennined using the 
Michel-Levy albite twin method. t =trace. Color symbols are: m =medium, g =green, bl= blue. 

Amphibolite (56-62) 
Sample Number 22 :ii ia .52. fill fil 62 
Quartz 8 IO 8 7 12 5 
Plagioclase 9 30 40 37 14 33 21 
Microcline tr 

Hornblende 75 58 52 55 67 62 66 
Biotite 2 tr 4 

Pistacite 8 tr tr tr 4 
Allanite tr tr tr tr 
Zircon tr tr tr 

w Sphene tr tr 
00 

Magnetite tr tr 
Apatite tr tr tr tr tr 

Chlorite tr tr tr tr 4 
Seri cite tr tr 4 

Biotite Color mb mb mb mb db 
Chlorite Interference Color blue blue brown brown 

Chlorite Elongation + + 
Hornblende Color mblg mblg mblg mblg mblg mblg mblg 
Hornblende 2V 60 65 60 60 60 70 65 

Hornblende Z"C 17 17 15 16 16 18 15 
Plagioclase An% 36 36 38 26 18 36 35 



Table 8. Sample locations and hand specimen descriptions of amphibolites from the Fourmile Gneiss. 
Samples were collected entirely within the Pelham dome in Central Massachusetts (Figure IA). General 
sample locations are shown in Figure IC. 

22 Medium-grained, biotite-plagioclase-hornblende amphibolite, with very fine-grained euhedral 
epidote crystals. Sample is moderately well-foliated, with a dominant hornblende lineation. From 
small, low outcrop on west facing rise, 140 meters east of Route 202. Belchertown quadrangle. 

21.. Medium-grained, homogenous, biotite-plagioclase-hornblende amphibolite, with very fine
grained euhedral epidote crystals. Sample is moderately well-foliated, with a dominant 
hornblende lineation. From small, low outcrop on west facing rise, 150 meters east of Route 202. 
Shutesbury quadrangle. 900 ft. elevation. 

~ Medium- to coarse-grained plagioclase-hornblende amphibolite with minor very fine-grained, red
orange garnet, fine-grained, olive-green epidote and coarse black-brown amphibole that may be 
gedrite. Moderately well-foliated, with a hornblende lineation. Sample is very fresh. From a 
small, low outcrop of sugary-textured biotite-plagioclase-hornblende amphibolite, 70 meters NNE 
of sample 13, approximately 200 meters east of sample 57. Shutesbury quadrangle. 940 ft. 
elevation. 

~ Coarse-grained, black and white speckled, garnet-biotite-plagioclase-hornblende amphibolite, 
with abundant medium-grained, twinned plagioclase and minor fine- to medium-grained quartz. 
Well-foliated sample, with a strong hornblende lineation. Garnet is abundant and occurs in fine
grained, euhedral, red grains. Chlorite is present in medium-grained, green-brown plates. From 
outcrop of well-foliated garnet amphibolite, located 45 meters west of jeep trail, between Cadwell 
Creek and Chaffee Brook. Windsor Dam quadrangle. 725-730 ft. elevation . 

.@ Coarse-grained, dark gray to black, well-foliated, biotite-plagioclase-hornblende amphibolite, with 
a strong hornblende lineation. Quartz and plagioclase occur in felsic layers and in individual 
grains surrounded by hornblende. Belchertown quadrangle. 

fil. Medium-grained, foliated, homogenous, epidote-plagioclase-garnet-hornblende amphibolite. 
From small outcrop of foliated amphibolite, west of the intersection of route 202 and Allen Road, 
about half-way up knob on NW side of rounded hill. Belchertown quadrangle. 640 ft. elevation. 

Q2 Medium-grained, homogenous, biotite-plagioclase-hornblende amphibolite that is well-foliated 
with abundant biotite and chlorite. From small outcrop located west of the intersection of route 
202 and Allen Road, on NE side of small knob on east side of round hill. Belchertown 
quadrangle. 640-645 ft. elevation. 
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CHAPTER3 

GEOCHEMISTRY AND PETROLOGY 

Analytical Methods 

This section describes the methods of sample analysis for major and trace 
elements. Included is a discussion of the criteria that were established to ensure that 
samples selected for analysis were representative of the bulk composition of the rocks. 
Considerations included the sample size and quality, which included the degree of 
weathering and secondary mineralization of the samples. Analytical methods included 
X-ray fluorescence spectroscopy , inductively-coupled plasma mass spectroscopy, and 
ferrous iron titration. 

Sample Selection and Powdering 

Samples were brought into the lab and examined for extensive weathering and 
secondary mineralization. Samples that did not appear badly weathered and did not 
contain epidote veins or small pegmatite veins were selected for geochemical analysis. 
The size of a representative sample for major-element chemical analysis at± 1 % error 
and 95 % confidence interval was determined as at least 616 grams using the Clanton and 
Fletcher (1976) approach. Between 800 and 1300 grams of rock were powdered and 
thoroughly mixed for each sample to insure that the powders used were representative 
and homogenous. 

Samples selected for chemical analysis were cleaned and powdered, and an 
appropriate aliquot of the powdered samples was obtained for analysis in the sequence 
described below. Exposed surfaces were removed using a trim saw with a water-based 
lubricant. The samples were then cut into rectangular blocks, each weighing between 50 
grams and 200 grams. These blocks were washed with hot tap water and dried 
thoroughly on a hot plate. They were then submerged in distilled water and washed in an 
ultrasonic-cleaner for twenty-five minutes. After drying on a hot plate, each block was 
crushed into gravel-size pieces (approximately 1 cc.) using a high carbon steel mortar and 
pestle. The gravel-size sample was ground to a fine powder using a clean tungsten
carbide Spex shatterbox. The shatterbox produced about 150 to 200 grams of powdered 
sample at a time, and a typical sample required the shatterbox to be filled about six times. 
From each 150 to 200 gram batch of powder, one quarter was removed and mixed with 
other quarters from the same sample. The quartered sample was placed in a clean plastic 
vial to be used for chemical analysis. 

X-ray Fluorescence and ICPMS 

The major elements, Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, and the trace elements 
Ga, Rb, Sr, Y, Pb, U, Th, La, Ba, Nb, Zr, Zn, Ni, Cr, V, Ce, were measured by X-ray 
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fluorescence spectroscopy (XRF) at the Department of Geology and Geography, X-Ray 
Laboratory, University of Massachusetts, Amherst. Sample preparation for major
element analysis followed modifications of the methods ofNorrish and Hutton (1969). 
One gram of each sample was ignited in air at 1020° C for twelve to twenty-four hours to 
oxidize FeO to Fe

2
0

3 
and to drive off the volatiles H

2
0 and C0

2
• 0.3000 +/- 0.0001 

grams of the oxidized sample was added to 1.6070-1.6075 grams of lanthanum-doped 
lithium tetraborate flux. The sample-flux mixture was fused at 1040° C, forming a 
homogenous liquid that was then pressed into a glass disc to be used for analysis. Sample 
preparation for trace-element analysis followed modifications of the methods ofNorrish 
and Chappel (1967). Two grams of powdered sample were pressed into a backing of 
powdered boric acid, producing a pressed-powder pellet for trace-element analysis. 

All XRF analyses were completed in duplicate to evaluate analytical precision. 
Analyses with major element total weight% between 99.3 and 100.5 were accepted. 
Major-element analyses were completed for four duplicate samples and the in-house 
standard K1919 during each analytical run. Standard deviation from the K1919 analyses 
of all runs represents the error associated with the XRF itself. Any disagreement that is 
not accounted for by the instrument error must result from errors in sample preparation. 
A similar approach for estimating analytical error was used during analytical runs for 
trace elements, using the U.S.G.S. standards GSP-1 and BHV0-1. 

The rare-earth-elements (REE), Hf, Th, and U were analyzed by inductively
coupled plasma mass spectroscopy (ICPMS) at the Union College Geology Department 
using a VG Instruments PQ2+ ICPMS instrument. 0.1000 +/- 0.002 grams of powdered 
sample were mixed with 0.6000 +/- 0.0010 grams of dry Johnson-Mathey lithium borate 
flux (Grade 1, Batch S97378). The sample-flux mixture was fused in graphite crucibles 
at 980 C for nine minutes; the fused material was gently swirled at three minute intervals 
to assure a homogeneous mixture. The molten sample was poured into 100 ml. of 7 % 
high-purity HN0

3 
and stirred with a magnetic stirring bar for five minutes to dissolve the 

sample. The sample was inspected for residual materials; small amounts of graphite from 
the crucible were commonly observed, but otherwise the samples were completely in 
solution. The dissolved sample was diluted by a factor often with distilled H20 and 
internal standards of 200 ppb Cs and Ta (in solution) were added for analysis. Two 
concentration standards, NBS-688 basalt and NBS-278 rhyolite obsidian, and solution 
blanks containing only the internal standards were analyzed at the start and end of each 
analytical run. Calibration curves were established using the counts-per-second of blanks 
and concentration standards, and these curves were applied to the counts-per-second of 
the samples. All ICPMS analyses of samples were run in pairs to evaluate analytical 
prec1s1on. 

Ferrous iron was determined by titration, using the method of Wilson (1955). 
Ferric iron was then calculated as the difference between total iron as FeO (determined by 
XRF) and the determined weight% FeO. 
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Analytical Precision and Accuracy 

The standard deviations for replicate analyses of geochemical standards provide 
an estimate of the analytical precision attributed to the instrument. Standard deviation 
and relative deviation for XRF analyses of the standards Kl919, GSP-1, and BHV0-1, 
are given in Table 9. One sample ofK1919 was analyzed during each analytical run for 

the major elements. One sample of GSP-1 was analyzed during each analytical run on 
the molybdenum X-ray tube and one sample ofBHV0-1 was analyzed during each 
analytical run on the gold X-ray tube. Relative deviation is generally less than 2 % for 
the major elements except ~O and N~O, which are below 5 %. Although Si0

2 
has the 

highest standard deviation, its relative deviation is well below 1 %. Of the trace elements 
analyzed by XRF, La and U have the highest relative deviations, and these are also the 
elements with the lowest concentrations in the standards. Ni and Ce have high standard 
deviations and fairly high relative deviations. The remaining trace element analyses have 
relative deviations below 8 %. 

Standard deviations of geochemical standards analyzed during ICPMS runs reflect 
both the instrumental error and the error associated with sample preparation. This is 
because new samples of the standards were prepared for each analytical run, and therefore 
the results are not replicate analyses of the same sample. Standard deviations for ICPMS 
analyses of the rare earth elements, Ba, Hf, Th, and U, in the geochemical standards 
NBS 688 and NBS 278 are given in Table 10. The standard deviations were calculated 
from single analyses of 24 different samples of each standard. Relative deviations are 
below 5% for all elements in NBS 278 and for most of the elements in NBS 688. 
Although Ba, La, Th, and U have relative deviations above 5 % in NBS 688, the standard 
deviations for these elements are much lower than in NBS 278. The high relative 
deviations for Ba, La, Th, and U in NBS 688 reflect the low concentration of these 
elements in this standard compared to the NBS 278 standard, which has much higher 
standard deviations and lower relative deviations. The ICPMS analyses appear to be 
sufficiently accurate, based on the agreement of the mean analyzed values with the 
favored values for each standard. 

Table 11 gives the standard deviations and relative deviations of the major 
element and trace element analyses for the felsic and intermediate gneisses and 
amphibolites from the Fourmile Gneiss (Table 12). Relative deviations for the major 
elements are generally higher in the felsic gneisses than in the northern and tailrace 
gneisses and the amphibolites. P20 5, Ti02, and N~O have the highest relative deviations 

in the felsic gneisses, and P205 and N~O have the highest relative deviations in the 

amphibolites. 

Relative deviations for the trace elements are generally below 30 %, and in many 
cases relative deviation is below 10 %. The high relative deviations in the gneisses for 
the trace elements V, Cr, and Ni are best explained by the low concentrations in these 
rocks. The standard deviations for these elements in the duplicate gneiss analyses are 
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Table 9. Standard deviation ofXRF analyses of the geochemical standards K919, 
GSP-1, and BHV0-1. Values are two sigma standard deviation in weight% oxides and 
ppm elements. Relative deviation is the standard deviation as a percentage of the 
mean. BHV0-1 was analyzed using the gold X-Ray tube and GSP-1 was analyzed using 

the molybdenum X-Ray tube. 

Standard Parameter Mean Standard Deviation Relative Deviation 
K1919 (39 analyses) 

Si02 49.81 0.25 0.5 

Ti02 2.79 O.oI 0.4 

Al203 13.7 0.09 0.7 

Fe20 3 12.05 0.03 0.2 

MnO 0.18 0.003 1.7 
MgO 6.71 0.07 LO 
Cao 11.37 0.03 0.2 
Na20 2.42 O.IO 4.3 

K20 0.54 0.01 2.6 

P20s 0.28 0.005 1.7 

BHV0-1 (17 analyses) 
Nb 19.1 1.1 5.8 
Zr 181 9 5 
Sr 406 7 2 
Zn 110 4 4 
Ni 142 20 14 
Cr 277 IO 4 
v 282 8 3 
Ce 38 4 11 
Ba 135 IO 7 
La 14 4 29 

GSP-1 (14 analyses) 
y 23.4 1.5 6.4 
Sr 237 2 1 
u 2 1 50 
Rb 254.6 3.5 1.4 
Th 90 2 2 
Pb 55 2 4 
Ga 21 1 5 
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Table 10. Standard deviation ofICPMS analyses of the geochemical standards NBS 688 and NBS 278. Values are two sigma 
standard deviation in ppm and represent 24 analyses for each standard. Relavitive deviation is the standard deviation as a percentage of 

the mean. Favored values in ppm are from Hollocher, 1993. 

NBS 688 NBS 218 
Standard Relative Standard Relative 

Element Mean Deviation Deviation Favored Value Mean Deviation Deviation Favored Value 
ppm +!-ppm % ppm ppm +/-ppm % ppm 

Ba 183 11 6 180 893 24 3 894 
La 6.04 0.35 5.8 4.98 31.46 1.40 4.5 31.72 
Ce 12.48 0.24 l.9 12.4 63.32 1.63 2.6 63.36 
Pr l.80 0.06 3.3 1.78 7.35 0.22 3.0 7.381 
Nd 8.88 0.17 1.9 8.28 28.0 0.81 2.9 28.24 
Sm 2.4 0 4.2 2.4 5.58 0.17 3.0 5.576 
Eu 0.99 0.01 1.0 0.99 0.79 0.02 2.5 0.781 
Gd 2.9 O.l 3.4 2.9 5.53 0.18 3.3 5.518 
Tb 0.5 0.01 2.0 0.5 0.95 0.02 2.1 0.953 
Dy 3.41 0.08 2.3 3.25 6.12 0.19 3.1 6.215 
Ho 0.75 0.02 2.7 0.71 l.34 0.04 3.0 1.364 
Er 2.12 0.06 2.8 2.03 3.98 0.11 2.8 4.032 
Tm 0.32 0.01 3.1 0.31 0.64 0.18 28.l 0.645 
Yb 2.06 0.06 2.9 2.01 4.31 0.12 2.8 4.337 
Lu 0.33 0.01 3.0 0.31 0.7 0.02 2.9 0.7 
Hf 1.64 0.06 3.7 1.56 8.2 0.2 2.4 8.2 
Th 0.36 0.04 I I.I 0.33 12.6 0.4 3.2 12.6 
u 0.31 0.03 9.7 0.33 4.64 0.12 2.6 4.64 



Table 11. Standard deviation ofFounnile Gneiss analyses. Values are two sigma standard deviation in 
weight% oxides and ppm elements. Relative deviation is standard deviation as a percentage of the mean. 
Thl, Ul and Srl analyzed by XRF molybdenum X-Ray tube. Th2, U2, Ba2, La2 and Ce2 analyzed by 
ICPMS. Ba3, Sr3 and La3 analyzed by XRF gold X-Ray tube. 

Continued next page 
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Table 11. Continued 

Si02 

Ti02 

Al20 3 

Fe20 3* 
MnO 
MgO 
cao 
Na20 

KzO 

P20s 

Ga 
Rb 
y 

Pb 
Thi 
Th2 
Ul 
U2 
Ba3 
Ba2 
Sri 
Sr3 
Zr 
Zn 
Ni 
Cr 
v 
La3 
La2 
Ce3 

Ce2 
Pr 

Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 

Tm 
Yb 
Lu 
Hf 
Nb 

Muscovite-rich and 

Microcline-rich Gneiss 

Std Dev Rel Dev 

0.50 0.7 

0.01 5.0 

0.09 0.7 

0.03 2.8 

0.003 8.1 
0.01 2.8 

0.01 1.0 

0.08 2.2 

0.02 0.7 

0.004 11.8 

0.4 3.5 
0.9 1 

1.5 9.8 
1.1 5.2 
0.5 IO 

1.74 27.7 
0.5 31 
0.2 16 
7.2 2 

12.15 4.1 

1.0 I 
0.9 1 
4.3 5 
0.6 2 
3.1 72 

1.9 54 
2.6 22 

4.92 25.9 

2.6 9 
9.19 26.8 
1.01 26.0 
3.55 25.3 

0.63 24.I 
0.04 9.4 

0.52 21.0 

0.06 18.1 

0.34 16.4 
0.08 16.8 

0.22 15.9 

0.04 16.5 

0.28 17.6 

0.05 18.4 

0.29 13.2 

0.35 8.2 

Muscovite-poor Gneiss 

Std Dev Rel Dev 

0.47 0.6 

0.01 4.4 

0.06 0.5 

0.06 3.6 

0.002 4.2 

0.01 2.2 

0.01 0.6 

0.09 2.1 

0.01 0.8 

0.003 12.2 

0.5 5.0 

0.9 2 

1.0 6.8 
0.9 5.8 
0.4 12 

0.74 14.9 
0.5 44 

0.2 13 
6.3 3 

8.01 8.8 
0.8 I 
0.7 1 
4.5 5 
0.6 2 
3.7 92 
0.3 39 
1.4 40 
2.3 23 

2.26 25.2 
2.1 8 

3.23 14.6 
0.38 15.5 
1.40 15.0 
0.29 14.6 
0.03 9.4 

0.35 17.6 

0.06 19.0 

0.51 19.7 

0.13 22.2 
0.44 23.0 

0.07 21.6 

0.50 20.4 
0.08 18.0 

0.59 21.8 
0.33 8.5 
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Northern Gneiss Amphibolite 

Std Dev Rel Dev Std Dev Rel Dev 

0.31 0.5 0.24 0.5 

0.004 1.0 0.01 1.0 

0.12 0.8 0.12 0.7 

0.04 0.7 0.09 0.7 

0.001 1.0 0.003 1.2 
0.01 0.8 0.06 1.0 
0.01 0.3 0.04 0.4 

0.09 2.9 0.05 2.1 

0.02 0.7 0.02 1.3 

0.001 4.3 0.003 3.6 

0.4 2.8 0.6 3.9 
0.3 1 0.3 4.9 
0.2 0.8 0.4 2 
1.4 8.4 1.9 31.2 
0.5 6 0.3 23.8 

0.28 4.4 0.06 5.7 
0.5 18 0.5 49 
0.1 4 0.0 5 
8.0 I 6.9 IO 

21.86 5.4 1.91 4.3 
2.4 I 2.0 I 
1.1 I 1.8 1 
3.8 3 0.6 2 
1.0 2 0.6 I 
3.3 41 5.5 26 
0.8 5 1.7 26 
2.4 3 4.2 I 
2.3 11 2.3 142 

2.08 10.0 0.70 22.2 

3.5 8 1.6 14 
1.74 4.4 0.74 7.0 

0.28 6.2 0.11 7.7 

1.08 6.0 0.38 5.2 
0.24 7.0 0.07 5.5 
0.04 4.8 0.02 4.2 

0.08 2.4 0.04 2.5 
0.02 1.4 0.02 6.5 
0.06 2.2 0.07 3.5 
0.02 2.2 0.02 4.9 

0.04 2.0 0.05 4.1 

0.02 5.6 O.oI 5.3 
0.02 1.0 0.06 5.0 

0.02 1.8 0.02 8.5 

0.18 7.2 0.05 5.6 

0.30 4.7 0.17 20.3 



slightly lower than the standard deviations for several replicate analyses of the standard 
BHV0-1. Although the relative deviations for many trace elements are fairly high in the 
felsic and intermediate gneisses, the standard deviations are generally lower than the 
standard deviations for replicate analyses of the standards BHV0-1 and GSP-1; this 
suggests that the analytical precision of the analyses is adequate and that the high relative 
deviations reflect the low concentrations of these elements in the rocks. Possible 
exceptions are La analyses by XRF in the Fourmile Gneiss amphibolites, which have 
very high relative deviations and standard deviations, probably resulting from the low 
concentrations which are close to the XRF detection limits for these elements (J.M. 
Rhodes, personal Communication, 1996). In contrast, La analyses using ICPMS have 
much lower standard and relative deviations and generally higher concentrations, than the 
XRF analyses. 

Where two elements were analyzed by different methods, I used the analyses from 
the method that gave the lowest average standard and relative deviations. Specifically, I 
used ICPMS data for La and Ce, XRF molybdenum-tube data for Th and U, and XRF 
gold-tube data for Sr and Ba. 

General Observations of Major-Element Geochemistzy 

The following section gives general observations on the major elements in the 
Fourmile Gneiss. The discussion includes comments on the abundance of these elements, 
which are given in Table 12, and their variation between and within the different rock 
groups. Figure 4 is a series of variation diagrams of weight% oxides versus weight% 
Si02• Although the variation diagrams commonly display moderately strong 

differentiation trends among the groups, no co-magmatic relationship is apparent. Figure 
SA and SB are histograms that have general implications for chemical distinction of the 
rock groups. Interpretations of these and other figures follow a discussion on the 
compositional variations. 

Si0
2 

ranges from about SO-SS% in the amphibolites, to 74-80 % in the felsic 

gneisses. The intermediate rock types are the tailrace gneiss, with 69-72 % Si0
2

, and the 

northern gneiss, with 63-72 % Si02. The Fourmile Gneiss is characterized by its very 

high Si02 contents in the felsic gneisses. Of these gneisses, the muscovite-rich gneiss is 

slightly richer in Si02 than the muscovite-poor gneiss. The types average about 78.l % 

and 77.3 %, respectively, which is higher than a typical granite suite. One sample from 
the muscovite-rich gneiss contains over 81 % SiOr 

The distribution of CaO in the gneisses is shown in figure SB. Calcium is the 
most effective discriminating major element among the felsic gneisses. Twenty of 
twenty-one samples from the muscovite-rich gneiss and the microcline-rich gneiss have 
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Table 12. Chemical analyses for all Fourmile Gneiss samples. Samples 1-17 are from the muscovite-rich 
gneiss, 18-21 are microcline-rich gneisses from the muscovite-rich gneiss, 22-43 are from the muscovite
poor gneiss, 44-47 are from the tailrace gneiss (Hodgkins, 1985), 48-55 are from the northern gneiss, and 
56-62 are amphibolites. Thl, Ul, and Srl, were determined by XRF using a molybdenum X-ray tube. 
Ba2, La2, and Ce2, were determined by ICPMS. Ba3, Sr3, La3, and Ce3, were determined by XRF using a 
gold X-ray tube. Rb, Y, Pb, and Sr values in parenthesis were determined by ICPMS. All major elements 
are in weight% of the oxide, and all trace elements are in ppm. The ratios Mg/(Mg+Fe*), Fe3+/(Fe*), and 
Ca/(Ca+Na), are whole-rock, cation ratios. Fe3+ is ferric iron. Fe* is the sum of ferric and ferrous iron. 
Ferrous iron was determined by titration, using the method of Wilson (1955). Ferric iron was then 
calculated as the difference between total iron as FeO (determined by XRF) and the determined weight% 
FeO. Where iron titrations were not completed (samples 50-55), 10 % of total iron was assumed to be 
ferric iron. Blank spaces indicate analyses that were not accepted due to high standard deviations, na 
indicates not analyzed for the specific element in the specific sample. 

Continued next page 
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Table 12 Continued 

Sample 
Si02 

Ti02 
Al20 3 

Fe20 3 

FeO 
MnO 
MgO 
Cao 
Na20 
K20 
P20s 

Total 
Mg/(Mg+Fe*) 
Fe3+/Fe* 
Ca/(Ca+Na) 

Ga 

Rb 
y 

Pb 
Thl 
Th2 

Ul 
U2 
Ba3 
Ba2 
Srl 
Sr3 
Zr 
Zn 
Ni 
Cr 
v 
La3 

La2 

Ce3 
Ce2 

Pr 

Nd 
Sm 

Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Nb 

Continued next page 

Muscovite-rich Gneiss (I-17) 

1 
81.13 

0.06 
11.69 
0.05 
0.75 
0.01 
0.44 
0.68 
4.03 
1.50 
O.o3 

100.37 
0.5 

0.06 
0.08 

9 
48.1 

12 
61 

6 
9.6 

2 
2.1 

306 
297.3 

140 

140 

71 
26 

0 
1 

16 
27.6 

39 
51.3 

5.5 

19.5 

3.2 
0.4 
2.9 

0.4 

2.2 
0.5 

1.4 
0.2 

1.5 

0.2 
2.7 

3.2 

2. 
76.33 

0.22 
13.14 
0.63 
1.09 
0.05 
0.88 
1.64 
4.79 
0.89 
0.03 

99.69 
0.49 
0.34 
0.16 

12 
24.3 

21.3 
13 
4 

5.8 
2 

2.5 
177 

146.6 

107 
llO 
94 
21 

5 
0 

22 
8 

17 

23 
34.7 

4.1 

15.6 
3.2 

0.6 
3.2 

0.5 

3.4 
0.7 

2.3 

0.4 

2.7 

0.4 

3.4 

2.9 

1 
79.13 

0.21 
12.52 

0.05 
0.79 
0.02 
0.96 
0.79 
4.62 
0.82 
O.o3 

99.94 
0.67 
0.05 
0.09 

9 
23.2 
15.5 

8 
4 

5.6 

1.2 

265 
191.7 

50 

51 
100 

17 
3 
0 

14 
9 

16.5 

24 
34.4 

3.9 
14.8 

2.8 

0.4 
2.7 

0.4 

2.7 
0.6 

1.7 

0.3 

1.9 

0.3 

3.3 
4.8 

49 

:! 
77.89 

O.Q7 
12.33 
0.23 
0.79 
0.08 
0.21 
1.32 
3.62 
2.79 
o.oi 

99.34 
0.27 
0.21 
0.17 

11 
73.4 
27.6 

24 

5 
6.2 

2 
1.5 

644 

593.5 
64 

64 
95 
27 

1 
0 
2 
6 
8 

16 
14.2 

1.8 

6.8 

1.6 
0.4 
2.1 

0.5 

4 
1.1 
3.8 

0.7 
4.8 

0.8 
3.8 

2.7 

2 
78.19 

0.08 
12.68 
0.25 
0.79 
0.07 
0.30 
1.35 
4.41 
1.58 
0.02 

99.72 
0.34 
0.22 
0.14 

12 
41.5 

17.1 

39 
5 

8.9 

1.7 

268 
276.8 

75 
74 

80 
26 

5 

0 
2 

11 
28.l 

30 
54.l 

6.1 

22.7 
4.1 

0.5 
3.8 

0.6 

3.4 

0.8 
2.7 

0.5 
3.7 
0.7 

2.9 

4.4 

2 
77.75 

0.16 
12.34 
0.31 
1.19 
0.04 
0.90 
1.26 
4.02 
1.48 
0.02 

99.47 
0.52 
0.19 
0.15 

11 
51.4 

21.1 
19 
4 

5.8 
2 

2.3 
162 

136.4 

66 

66 
109 
24 

0 
9 

IO 

16.3 

24 
35.5 

4.1 
16.2 

3.3 
0.6 

3.6 

0.5 
3.6 

0.8 

2.3 

0.4 
2.6 

0.4 
2.9 

4 

1 
74.83 

0.19 
14.16 
0.20 
2.01 
0.03 
1.33 
1.07 
4.54 
1.89 
0.04 

100.29 
0.52 
0.08 
0.12 

13 
84.4 

13.l 
55 

5 

6 
2 

1.9 
310 

274.4 
143 

142 

89 
60 

2 
0 

25 

13 
16.8 

31 

33.7 
3.6 

12.5 
2.2 

0.6 

2.3 

0.3 
2.1 

0.5 

1.5 
0.2 

1.6 

0.3 

2.5 

4.2 

~ 
78.16 

0.12 
13.20 
0.33 
0.99 
0.01 
0.54 
1.17 
4.59 
1.25 
0.03 

100.39 
0.43 
0.23 
0.12 

IO 
47.2 

8.6 
45 

4 
11.6 

1.8 
352 

314.2 
222 
228 
114 

44 
4 
0 
4 

16 
48.8 

35 
86.5 

8.9 

30 
4.2 

1.2 
3.9 

0.5 

2 
0.4 

1 
0.2 

0.9 

0.1 
3.2 

5.3 



Table 12 Continued 

Sample 
Si02 
Ti02 
Al20 3 

Fe20 3 
FeO 
MnO 
MgO 
Cao 
Na20 
KzO 
P20s 

Total 
Mg/(Mg+Fe*) 
Fe3+/Fe* 
Ca/( Ca+ Na) 

Ga 
Rb 
y 

Pb 
Thi 
Th2 

U1 
U2 
Ba3 
Ba2 
Sri 
Sr3 
Zr 
Zn 
Ni 
Cr 
v 
La3 
La2 
Ce3 
Ce2 
Pr 
Nd 
Sm 
Eu 
Gd 

Tb 

Dy 
Ho 
Er 
Tm 
Yb 

Lu 
Hf 
Nb 

Continued next page 

Muscovite-rich Gneiss ( 1-17) 

.2 
78.98 

0.09 
12.44 
0.14 
0.89 
O.o3 
0.30 
0.75 
5.82 
0.42 
0.01 

99.87 
0.35 
0.12 
0.07 

11 
7.6 

33.4 

6 

7 
7.8 

1.8 
188 

158.6 
35 
34 

129 
11 
5 
0 

20 

21.9 
47 

47.3 

5.6 
21.4 

4.3 

0.4 
4.6 

0.8 

5.7 

1.3 
4.3 

0.7 

5.1 

0.08 
4.4 

4.1 

lQ 
79.20 

0.05 
12.72 
0.05 
0.75 
0.01 
0.50 
0.96 
3.86 
1.82 
0.19 

I00.11 
0.53 
0.06 
0.12 

12 

58.2 
13.4 

48 

6 
9.7 

2 
2.1 
352 

377.8 
147 
148 
77 
28 

0 
2 

14 

28.7 
35 

54.8 

6.1 

22.4 
4.2 
0.8 

3.7 

0.6 

3 
0.6 

1.5 

0.2 

1.4 

0.2 
3.1 

4.6 

11 
77.43 

0.05 
13.76 
0.05 
0.73 
0.02 
0.56 
0.90 
3.96 
1.90 
0.1 I 

99.47 
0.56 
0.06 
0.11 

12 

56.4 
10.l 

53 
5 
6 

l.5 
328 
411 

97 
100 

58 
20 

0 
6 

12 

18 
27 

34.2 

3.8 

13.7 
2.8 

0.4 
2.4 

0.4 
2.2 

0.4 

1.2 

0.2 
1.2 

0.2 

2.5 

5.1 

50 

l2 
77.43 

0.17 
12.64 
0.66 
1.35 
0.05 
0.65 
1.50 
4.76 
1.11 
0.03 

I00.35 
0.37 
0.31 
0.15 

12 
62.l 
20.6 

IO 
4 

6.8 
2 

2.3 
178 

153.9 

70 
73 

I04 
24 

6 

0 
11 
11 

18.8 
29 

35.7 
4.2 

17.2 

3.7 
0.5 

3.9 
0.6 

3.9 

0.8 
2.5 

0.4 

2.8 

0.5 
3.6 

4.7 

.Ll. 
76.53 

0.09 
13.36 
0.10 
1.30 
0.09 
0.40 
1.41 
3.49 
3.40 
0.02 

100.19 
0.34 
0.06 
0.18 

12 
IOI.6 

19 
30 

8 
12.6 

3 

3.5 
783 

782.6 
61 
64 
91 
56 

6 

0 
3 

18 
35.4 

32 
54.5 

7.5 
26.4 

4.8 

0.6 
4 

0.6 
4 

0.9 
2.6 

0.4 

3 
0.5 

3.2 
5.3 

14 
78.23 

0.05 
12.67 
0.14 
0.90 
0.08 
0.32 
0.71 
3.82 
3.36 
0.02 

100.30 
0.35 
0.12 
0.09 

11 
I05.9 
28.8 

28 
6 

10.8 
2 

2.2 

565 
532.6 

36 
36 
82 
59 
7 
0 
3 

11 
26.2 

28 
54.l 

6.3 
24.2 

4.8 
0.3 

5.1 
0.9 

6 
1.4 
4.4 

0.7 

4.8 

0.8 

3.5 

5.7 

12 
78.18 
0.o7 

12.38 
0.49 
0.80 
0.o7 
0.15 
1.29 
4.07 
2.60 
0.01 

I00.11 
0.18 
0.36 
0.15 

na 
na 
na 
na 
na 

6.5 
na 

603 
537.6 

na 
65 
94 
30 

6 

0 
3 

17 
16.8 

50 
33.6 

4.2 

15.4 
3.1 

0.6 

2.8 
0.5 

3.4 

0.9 
2.9 

0.5 

3.6 

0.6 

3.3 

3.3 

.lQ 
79.34 

0.11 
11.97 
0.38 
0.69 
0.02 
0.60 
1.27 
4.91 
0.67 
0.02 

99.98 
0.51 
0.33 
0.12 

IO 
30.8 

26 
11 

5 
6.8 

2 
2 

86 
80.2 

78 
80 

124 
15 
4 

0 
6 

13 
18.1 

35 
35.9 

4.4 

17.6 
3.9 

0.6 
4.4 

0.8 

5.3 

I.I 
3.5 

0.6 

3.6 

0.6 
4.1 

3.9 



Table 12 Continued 

Sample 
Si02 

Ti02 
Al20 3 
Fe20 3 
FeO 
MnO 
MgO 
Cao 
Na20 
K20 
P20s 

Total 
Mg/(Mg+Fe*) 
Fe3+/Fe* 
Ca/(Ca+Na) 

Ga 
Rb 
y 

Pb 
Thi 
Th2 
Ul 
U2 
Ba3 
Ba2 

Sri 
Sr3 
Zr 
Zn 

Ni 
Cr 
v 
La3 
La2 

Ce3 
Ce2 
Pr 
Nd 
Sm 
Eu 
Gd 

Tb 
Dy 
Ho 
Er 
Tm 
Yb 

Lu 
Hf 
Nb 

Continued next page 

Microcline-rich Gneiss (18-21) 

11 
79.07 

O.o7 
11.84 
0.16 
0.80 
0.o3 
0.45 
0.87 
3.57 
2.46 
0.02 

99.34 
0.46 
0.15 
0.12 

11 
72.3 
16.4 

37 

5 
9.7 

2 
2.8 

402 
358.8 

79 
78 
84 

32 
11 
0 
4 

10 
23.7 

21 
47.6 

5.1 
17.5 

3.1 
0.4 

3 
0.5 

2.7 

0.6 

1.7 

0.3 
1.8 

0.3 

2.5 

5 

ll 
76.66 

0.07 
13.00 
0.36 
0.50 
0.04 
0.42 
0.56 
3.1 I 
5.32 
0.03 

100.07 
0.47 
0.39 
0.09 

10 

147.7 
16.1 

45 

6 
8.5 

2 
2.5 

739 
662 

52 
52 
74 

26 
3 
0 
2 

11 
25.3 

30 
48.1 

5.2 

18.3 
3.3 
0.5 

3.1 

0.4 

3 
0.7 

2.2 
0.4 

2.5 

0.4 

2.4 

5.9 

12 
78.47 

0.07 
11.92 
0.12 
0.97 
0.05 
0.31 
0.41 
1.75 
5.95 
0.02 

100.04 
0.34 

0.1 
0.11 

9 
142.6 

19.5 
32 

6 
8.3 

2 
1.7 

829 
819.6 

66 
65 

100 
26 

6 
0 
2 

18 
29.6 

32 
56.3 

6.3 
22.6 

4.1 
0.7 

3.7 
0.6 

3.8 

0.9 
2.7 

0.4 

2.9 

0.5 

3.1 

3.7 

51 

20 
79.05 

0.07 
12.04 
0.20 
0.59 
0.05 
0.24 
0.61 
2.05 
5.47 
O.ot 

100.38 
0.36 
0.23 
0.14 

9 
134.7 

10.7 

40 

6 
8.4 

2 
2.4 

1194 
1181.6 

87 

87 
85 
22 

8 
0 
2 

15 
28.8 

33 
51.4 

5.5 
19.6 

3.3 
0.6 

2.7 
0.4 

2.2 
0.5 

1.5 
0.3 

2 
0.3 

2.7 

4.5 
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21 
78.27 
0.o7 

12.01 
0.23 
0.60 
0.02 
0.50 
0.53 
2.38 
5.14 
0.02 

99.77 
0.53 
0.26 
0.11 

10 

122.8 

13 
52 

5 
8.3 

2 
2 

1001 
880.7 

82 
84 

93 
33 

0 
2 

10 
23.6 

26 
46.5 

5.3 
19.9 
3.9 

0.6 
3.4 

0.5 

2.6 
0.5 
1.4 

0.2 

1.3 
0.2 

2.5 
4 

22 
76.13 

0.10 
13.73 
0.15 
1.13 
0.08 
0.42 
2.27 
4.42 
1.59 
0.02 

100.04 
0.37 
0.11 
0.22 

11 
52.5 

16.6 
23 

8 
8.7 

0.9 

373.3 
79 
80 

72 
36 

1 
27 
49 

41.3 

39.7 

8.3 
28.5 

4.7 
0.6 

4.2 

0.6 
3.1 

0.6 

2 
0.3 
2.8 

0.5 

2.5 

21 
76.58 

0.13 
12.97 
0.38 
1.33 
0.06 
0.41 
1.87 
3.77 
2.58 
0.04 

100.12 
0.31 
0.21 
0.22 

12 
86 

9.7 

15 

8 
8.2 

2 
1.4 

450 
452.1 

110 
109 

91 
23 

0 
12 
20 

20.8 

59 
46.3 

4 
14.1 
2.5 
0.4 

2.3 

0.3 
1.9 

0.4 
1.6 

0.3 

2.5 

0.5 

4 
3.4 

2A 
77.33 

0.17 
12.53 
0.83 
0.70 
O.o3 
0.87 
1.80 
4.90 
0.28 
0.02 

99.46 
0.52 
0.52 
0.17 

11 
6.9 

16.9 
4 

5 
6.8 

1 
1.3 
69 

71.8 

159 
160 
112 

13 

5 
0 

14 

13 

20.8 

32 
42.6 

5.2 

21.2 
4.3 

0.9 
4.2 

0.6 

3.8 
0.8 

2.4 

0.4 

2.5 

0.4 
3.7 

1.9 



Table 12 Continued 
Muscovite-poor Gneiss (22-43) 

Sample 25 26 27 ~ 29 30 ll n 
Si02 78.45 76.89 75.74 77.90 77.89 78.02 78.33 77.12 
Ti02 0.20 0.12 0.16 0.08 0.07 0.08 0.17 0.10 
Al20 3 11.66 13.05 13.37 12.64 12.81 13.20 12.23 13.05 
Fe20 3 1.00 0.71 0.54 0.13 0.19 0.06 0.68 0.21 
FeO 1.38 0.99 1.48 0.90 1.00 0.68 1.30 1.10 
MnO 0.04 0.06 0.05 0.04 0.06 O.Q2 0.04 0.06 
MgO 0.61 0.48 0.75 0.56 0.26 0.37 0.67 0.44 
cao 2.36 1.87 2.23 1.75 1.90 1.82 1.79 1.91 
Na20 3.59 3.84 4.28 4.58 4.11 4.83 4.49 3.62 
KP 0.57 2.46 1.32 1.06 1.82 1.16 0.70 2.55 
P20s 0.02 0.03 0.04 0.01 0.03 O.Ql 0.02 0.02 

Total 99.88 100.50 99.96 99.65 100.14 100.25 100.42 100.18 
Mg/(Mg+Fe*) 0.32 0.34 0.41 0.5 0.28 0.48 0.38 0.38 
Fe3+/Fe* 0.39 0.39 0.25 0.12 0.15 0.07 0.32 0.15 
Ca/(Ca+Na) 0.27 0.21 0.22 0.17 0.2 0.17 0.18 0.23 

Ga 11 11 12 13 11 na IO IO 

Rb 18.5 78.5 58.3 54.5 49.8 (43.3) 17 72.6 
y 9.5 19.6 5.3 15.7 10.8 (50.2) 9.9 8.8 
Pb 8 21 17 20 25 (28.3) 8 30 
Thl 3 7 5 1 8 na 3 9 
Th2 2.9 8.6 6.2 1.6 7.7 9.9 5.1 10.2 

Ul 2 I 1 I I na 2 0 
U2 1.7 1.3 1.1 1.7 0.8 3.4 1.8 1.2 
Ba3 195 498 172 75 356 169 319 669 
Ba2 149.4 518.8 171.7 74 315.9 160.6 241.4 646.5 
Srl 145 149 118 83 114 (122) 93 74 
Sr3 144 149 120 86 113 117 94 74 
Zr 119 88 85 104 131 90 106 76 
Zn 11 21 36 31 21 21 18 36 
Ni 4 5 0 4 

Cr 0 1 0 0 0 0 0 0 
v 10 13 21 13 6 5 10 10 

La3 8 32 11 6 12 10 2 
La2 6.2 32.8 10.9 3.6 7.3 14.5 12.4 4.8 

Ce3 20 81 20 8 21 30 19 9 
Ce2 11.6 66.7 14 4.4 11.6 33.l 24.8 6.3 
Pr 1.2 6.8 2.6 0.5 1.4 3.7 2.6 0.8 
Nd 4.7 24.8 9.6 2 5.4 15 9.2 2.5 
Sm 0.8 4.6 1.8 0.6 1 3.5 1.7 0.6 

Eu 0.5 0.8 0.3 0.4 0.4 0.6 0.4 0.3 

Gd 0.9 4.6 1.4 1.3 0.9 4.7 1.7 0.5 
Tb 0.2 0.7 0.2 0.3 0.2 1 0.3 0.1 

Dy 1.4 4.1 1.1 2.7 1.4 7.3 1.6 0.9 

Ho 0.4 0.8 0.2 0.7 0.5 1.8 0.4 0.3 
Er 1.4 2 0.6 2.3 1.9 5.5 1.4 1.1 
Tm 0.2 0.3 0.1 0.4 0.4 0.9 0.3 0.2 

Yb 1.8 1.7 0.6 2.5 3 6 2 1.7 
Lu 0.3 0.3 0.1 0.4 0.5 I 0.3 0.3 

Hf 3 3.2 3 4.4 4 3.8 3.7 3.5 

Nb 3.4 3.8 5.5 6 2.1 5.5 4.6 4.5 
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Table 12 Continued 

Muscovite-poor Gneiss (22-43) 

Sample n JA ~ 36 37 38 39 40 
Si02 77.15 77.83 77.81 76.31 78.10 74.61 77.26 77.44 
Ti02 0.10 O.IO 0.14 0.19 0.04 0.16 0.12 0.09 
Al20 3 12.97 12.80 12.43 13.67 12.75 14.IO 12.87 12.52 
Fe20 3 0.31 0.33 0.84 0.16 0.33 0.67 0.63 0.13 
FeO 0.79 0.70 1.19 1.74 0.89 1.50 1.01 1.19 
MnO 0.04 0.03 0.11 0.10 0.06 0.08 0.05 0.05 
MgO 0.55 0.55 0.39 0.83 0.62 0.61 0.41 0.49 
Cao 1.71 1.72 2.15 1.72 2.81 2.59 1.92 1.07 
Na20 4.49 4.63 3.85 4.87 2.47 3.93 3.85 4.44 
KzO 1.18 1.09 1.16 0.83 2.29 2.15 2.34 2.23 
P20s 0.01 0.01 0.02 0.04 O.oI 0.04 0.02 0.01 

Total 99.30 99.79 100.09 100.46 100.37 100.44 100.48 99.66 
Mg/(Mg+Fe*) 0.48 0.5 0.26 0.44 0.48 0.34 0.32 0.4 
Fe3+/Fe* 0.26 0.3 0.39 0.08 0.25 0.29 0.36 0.09 
Ca/(Ca+Na) 0.17 0.17 0.24 0.16 0.39 0.27 0.22 0.12 

Ga 13 13 11 12 11 13 na 12 
Rb 54.2 51 46.4 48.5 97.4 94.7 (79.0) 80.6 
y 5.9 4.6 19 19.8 18.9 10.3 (11.1) 26.6 
Pb 20 19 16 17 22 22 (24.0) 21 
Thi 1 1 4 3 11 9 na 5 
Th2 1.3 0.8 4.3 6.3 IO I0.3 6.7 8.7 
U1 I I I 2 3 2 na 
U2 l.8 1.6 1.2 3.6 2.5 2.1 1.2 2.6 
Ba3 96 84 232 171 635 294 532 373 
Ba2 100.3 87.2 223.4 146.4 520.8 290.4 550.3 364 
Srl 90 87 92 115 60 I05 199 56 
Sr3 90 89 91 115 61 102 (168.7) 58 
Zr 106 111 I07 77 83 70 83 80 
Zn 21 21 43 19 52 42 20 61 
Ni 5 2 4 4 7 4 4 
Cr 0 0 0 0 0 1 0 0 
v 7 IO 9 22 0 28 14 3 
La3 2 15 8 21 19 21 14 
La2 5.3 5.8 16.6 19.6 17.6 20.2 21 26.3 
Ce3 11 11 15 24 37 52 51 35 
Ce2 9.4 6 35.7 38.1 25.5 42.l 44.6 52.1 
Pr 1.1 0.7 3.9 4.4 3.9 3.3 4.6 6.2 
Nd 4.1 2.5 14.6 17.8 14.6 11 16.7 23.7 
Sm 0.9 0.5 3 3.9 3 2 3 5.1 
Eu 0.4 0.4 0.7 0.7 0.4 0.4 0.5 0.4 
Gd 0.9 0.6 3 4.5 2.8 2 2.4 6.1 
Tb 0.2 0.1 0.5 0.8 0.4 0.3 0.3 1.2 
Dy 1.1 0.9 3.4 6.1 2.9 1.8 2 8.8 
Ho 0.3 0.2 0.8 1.4 0.6 0.4 0.4 2.1 
Er 0.9 0.7 2.6 4.5 2.2 1.2 1.5 6.3 
Tm 0.1 0.1 0.4 0.8 0.4 0.2 0.3 1 
Yb 1 0.8 3.2 5.2 2.6 1.4 2 6.4 
Lu 0.2 0.1 0.5 0.8 0.4 0.2 0.4 
Hf 4.5 4.3 3.6 4 2.8 2.2 3.8 3.6 
Nb 5 4.9 3.7 3.3 7.5 4.1 3.1 6.9 
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Table 12 Continued 
Muscovite-poor Gneiss (22-43) Tailrace Gneiss (44-47) 

Sample 41 42 43 44 45 46 47 48 
Si02 78.09 77.58 78.16 69.00 69.70 69.70 71.50 63.37 
Ti02 0.06 0.06 0.12 0.36 0.28 0.29 0.23 0.50 
Al20 3 12.51 12.73 12.19 16.20 15.30 15.70 15.10 15.73 
Fe20 3 0.52 0.38 0.08 0.80 0.60 0.70 1.00 0.40 
FeO 0.55 0.68 1.00 2.40 2.80 2.70 1.70 5.99 
MnO 0.09 0.06 0.03 0.06 0.07 0.12 0.07 0.18 
MgO 0.23 0.17 0.94 0.91 1.18 1.20 0.75 2.83 
Cao 1.08 1.05 0.54 4.18 3.75 3.84 3.16 5.23 
Na20 4.44 4.24 5.92 4.01 3.27 3.30 3.36 2.83 
K20 2.11 2.97 0.74 1.92 2.51 2.44 2.98 2.59 
P20s 0.01 0.01 0.02 0.11 0.09 0.11 0.08 0.08 

Total 99.69 99.93 99.74 99.95 99.55 100.10 99.93 99.73 
Mg/(Mg+Fe*) 0.29 0.23 0.61 0.34 0.39 0.39 0.34 0.44 
Fe3+/Fe* 0.46 0.33 0.07 0.23 0.16 0.19 0.35 0.06 
Ca/(Ca+Na) 0.12 0.12 0.05 0.37 0.39 0.39 0.34 0.5 

Ga 12 12 11 14 14 15 13 15 
Rb 68.8 80.3 22.9 61 90 111 94 93.7 
y 28.4 29.1 26.7 9 13 14 13 22.7 
Pb 17 18 7 13 18 30 29 15 
Thl 5 6 4 4 15 15 14 9 
Th2 7.1 9.4 7.2 5.3 15.6 18.7 15.7 9.5 
U1 2 2 I na na na na 2 
U2 2.4 3.7 2.3 1.9 2.8 3.9 4.6 2.2 
Ba3 363 509 93 1168 1173 1146 1158 631 
Ba2 294.7 588.7 73.7 1134 1168.7 1172.8 1183.3 608.4 
Srl 44 47 38 336 274 306 271 163 
Sr3 44 47 39 na na na na 169 
Zr 78 91 121 166 108 102 118 100 
Zn 55 23 25 31 28 54 30 81 
Ni 5 5 6 2 5 10 
Cr 0 0 0 5 5 6 4 21 
v 3 2 6 41 62 56 44 169 
La3 18 14 11 na na na na 25 
La2 24.2 14.2 24 22.1 36 33.8 29.l 30.7 
Ce3 31 37 30 22 45 47 43 56 
Ce2 48.7 32.4 45.6 36.8 52.6 57.5 47 56.l 
Pr 6.1 3.2 5.7 4 5.5 6 4.9 6.5 
Nd 23.3 11. 7 23.2 14.5 19.2 21.1 16.3 24.5 
Sm 4.7 2.7 5 2.4 3.2 3.5 2.7 4.5 
Eu 0.4 0.5 0.7 I.I 0.7 0.7 0.6 0.8 
Gd 4.7 3.5 5.3 2.1 2.7 3 2.4 4.2 
Tb 0.7 0.8 0.9 0.3 0.4 0.4 0.3 0.6 
Dy 4.7 6.6 6.2 1.6 2.3 2.6 2.2 3.9 
Ho 1 1.7 1.4 0.3 0.5 0.5 0.5 0.8 
Er 3.1 5.5 4.1 1 1.4 1.6 1.5 2.4 
Tm 0.5 0.9 0.6 0.2 0.2 0.3 0.2 0.4 
Yb 3.7 6.5 4.3 1.1 1.5 1.9 1.6 2.4 
Lu 0.6 1 0.7 0.2 0.3 0.3 0.3 0.4 
Hf 2.9 4.2 5.2 4.8 3.5 3.6 4 3.4 
Nb 5.1 3.6 3.2 6 8 9 8 5.9 
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Table 12 Continued 

Sample 
Si02 

Ti02 
Al20 3 

Fe20 3 

FeO 
MnO 
MgO 
Cao 
Na20 
K20 
P20s 

Total 
Mg/(Mg+Fe*) 
Fe3+/Fe* 
Ca/(Ca+Na) 

Ga 
Rb 
y 

Pb 

Thl 
Th2 

Ul 
U2 
Ba3 
Ba2 
Srl 
Sr3 
Zr 
Zn 
Ni 
Cr 
v 
La3 

La2 
Ce3 
Ce2 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Nb 

Continued next page 

Northern Gneiss (48-55) 
49 

63.75 
0.51 

15.73 
0.47 
4.71 
0.14 
2.76 
6.32 
4.10 
0.87 
0.08 

99.44 
0.49 
0.08 
0.46 

15 
22.2 
25.5 

18 
8 

9.2 
3 

3.1 
304 

300.9 
247 
257 
110 
46 
14 
22 

165 
27 

25.6 
62 

54.4 
6.9 

27.9 
5.6 

5.2 
0.8 
4.8 

2.9 
0.4 
2.8 
0.4 
3.6 
5.6 

.iQ 
71.73 
0.26 

13.74 
0.35 
2.83 
0.07 
1.20 
2.98 
2.78 
3.51 
0.04 

99.49 
0.4 
0.1 

0.37 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

130 
119 
38 
6 

12 
61 
25 
na 
46 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

6.9 

n 
67.47 
0.34 

15.22 
0.51 
4.14 
0.10 
1.72 
4.28 
2.71 
2.88 
0.07 

99.44 
0.4 
0.1 

0.47 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

209 
105 
40 
7 

15 
97 
17 
na 
32 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

5.4 

55 

52 
68.09 

0.32 
15.03 
0.47 
3.84 
0.09 
1.74 
3.55 
2.82 
3.33 
0.07 

99.35 
0.42 

0.1 
0.41 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

245 
98 
36 

7 
14 
88 
17 
na 
26 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

5.6 

.il 
67.37 
0.45 

15.52 
0.55 
4.44 
0.13 
1.40 
4.37 
3.40 
2.11 
0.11 

99.85 
0.34 

0.1 
0.41 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

195 
136 
68 

4 
12 
87 
26 
na 
68 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

7.3 

~ 
67.61 

0.42 
15.38 
0.54 
4.39 
0.12 
1.53 
4.12 
3.41 
2.42 
0.09 

100.03 
0.36 

0.1 
0.4 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

181 
115 

64 
4 
6 

86 
25 
na 
51 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

7.2 

~ 
67.14 

0.41 
15.18 
0.53 
4.32 
0.18 
1.22 
4.16 
3.55 
2.71 
0.09 

99.49 
0.31 

0.1 
0.39 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

144 
126 
94 
14 
7 

86 
25 
na 
56 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
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Table 12 Continued 
Amphibolite (56-62) 

~ 22 57 ~ 22 60 61 62 
Si02 50.95 50.99 51.07 51.81 51.65 55.66 52.01 
Ti02 0.46 0.71 0.95 0.60 1.04 0.69 0.42 
Al20 3 16.02 18.10 17.00 17.07 14.35 15.50 15.19 
Fe20 3 2.64 1.01 1.56 1.59 3.40 2.97 2.92 
FeO 9.84 8.20 7.39 9.93 10.01 7.97 7.38 
MnO 0.23 0.18 0.20 0.31 0.31 0.23 0.23 
MgO 6.25 6.46 7.38 6.17 5.51 5.16 8.70 
Cao 11.37 9.75 10.54 7.97 10.10 7.13 8.90 
Na20 1.79 3.67 3.36 4.16 1.81 4.51 3.57 
K20 0.52 0.48 0.32 0.27 1.00 0.22 0.44 
P20s 0.03 0.13 0.13 0.05 0.14 0.06 0.07 

Total 100.10 99.68 99.90 99.93 99.32 100.10 99.83 
Mg/(Mg+Fe*) 0.48 0.56 0.6 0.49 0.43 0.46 0.61 
Fe3+/Fe* 0.19 0.1 0.16 0.13 0.23 0.25 0.26 
Ca/( Ca+ Na) 0.78 0.6 0.63 0.51 0.76 0.47 0.58 

Ga 15 na 16 15 18 17 14 

Rb 10.6 6.7 3.5 5.1 22.3 7.4 13.2 
y 9.6 14.7 23.9 13.7 21.6 17.5 12 
Pb 7 20 13 11 6 4 5 
Thi I na 2 I I I 3 
Th2 0.5 0.8 2.4 0.9 1.6 1.1 1.8 
U1 I na I I 2 0 
U2 0.5 0.9 0.7 I 0.7 0.4 0.5 
Ba3 58 19 53 36 222 85 59 
Ba2 42.1 23.6 58.I 35.9 182.5 81.5 53.7 
Sri 117 na 317 175 199 145 165 

Sr3 122 217 325 179 202 146 167 
Zr 13 31 64 18 41 33 23 

Zn 97 69 83 79 114 76 76 

Ni 29 35 12 27 26 15 46 

Cr 79 87 0 27 3 IO 150 
v 419 264 397 316 448 296 240 
La3 I 2 7 3 4 I 4 

La2 3 4.3 11.1 6.2 8.8 2.2 4.5 

Ce3 3 10 25 9 11 4 8 
Ce2 4.9 7.7 26.I 8.4 16.6 5.3 9.6 

Pr 0.6 1.1 3.8 1.5 2.2 0.9 1.2 

Nd 3.3 5.8 16.8 6.7 9.9 4.8 5.5 
Sm 0.9 1.8 3.8 1.8 2.6 1.7 1.6 
Eu 0.3 0.7 0.9 0.5 0.8 0.6 0.5 
Gd 1.2 2.1 4.2 2.2 3.1 2.3 1.7 

Tb 0.2 0.4 0.7 0.4 0.6 0.4 0.3 
Dy 1.5 2.7 4.7 2.5 3.8 3.1 2.1 

Ho 0.3 0.6 I 0.5 0.8 0.7 0.5 

Er 0.9 1.7 2.9 1.5 2.4 2.1 1.3 
Tm 0.1 0.3 0.4 0.2 0.4 0.3 0.2 

Yb l 1.6 2.9 1.4 2.3 2 1.4 

Lu 0.1 0.2 0.5 0.2 0.3 0.3 0.2 

Hf 0.4 I 2.2 0.6 1.4 1.2 0.8 

Nb 1.1 3.8 3.6 0.9 0.6 1.2 1.1 

56 



Figure 4. Harker diagrams for all Fourmile Gneiss samples. Oxides are plotted in weight%, and 
Ca/(Ca+Na) in Figure 4J is a cation ration. Symbols are as follows: muscovite-rich gneiss are open 
triangles, microcline-rich gneiss are filled triangles, muscovite-poor gneiss are open squares, tailrace gneiss 
(Hodgkins, 1985) are filled squares, northern gneiss are open diamonds, and amphibolites are filled 
diamonds. 
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Figure S. Histograms of Si02, CaO, and AlP3 in the Fourmile Gneiss. Figure SA is weight% Si02 for all 
Fourmile Gneiss analyses. Figure SB is weight % CaO for all Fourmile Gneiss analyses excluding 
amphibolite analyses, and Figure SC is weight % Alz03 for all Fourmile analyses. 
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between 0.4 % and 1.2 % CaO. Twenty-two of twenty-three samples from the 
muscovite-poor gneiss have between 1.0 % and 3. 0 % CaO. The mode of CaO for the 
muscovite-rich gneiss is between 0.6 % and 0.8%, while the mode for the muscovite-poor 
gneiss is between 1.8 % and 2.0 %. As seen in Figure 4E, CaO decreases with increasing 
Si02 throughout the suite, and this trend occurs within the groups of rocks as well as 

between them. 

Ti0
2 

ranges from 0.04 % to 1.04 % over the entire suite and generally decreases 

with increasing Si0
2

• Average Ti0
2 

contents of the groups decrease from 0.70 % in the 

amphibolites to 0.40 % in the northern gneiss, to 0.29 % in the tailrace gneiss, to 0.12 % 
in the muscovite-poor gneiss, to 0.10 % in the muscovite- and microcline- rich gneisses. 
The amphibolites have a large range ofTi0

2 
over a restricted range of Si02" 

Al
2
0

3 
ranges from about 11.7 % to 18.1 % through the suite. Al

2
0

3 
in the 

amphibolites ranges from 14.4 % to 18.1 % over a restricted range in Si02" The northern 

gneiss and the tailrace gneiss overlap, with a range in Al
2
0

3 
from 15.1 % to 16.2 %, with 

one northern gneiss plotting away from the group, at 13.7 %. Al20 3 decreases from the 

tailrace gneisses to the more felsic gneisses. In the muscovite-rich, microcline-rich, and 
muscovite-poor gneisses, there is a complete overlap of Al

2
0

3 
content, ranging from 

11. 7 % to 14.1 %, and Al2 0 3 
generally decreases with increasing Si02 (Figure 5C). 

Total iron as FeO + Fe20
3 

ranges from 0.7 % to 13.4 % through the suite. Iron is 

highest in the amphibolites, and it decreases from the amphibolites to the northern gneiss 
to the tailrace gneiss to the felsic gneisses. Total iron contents of the high-muscovite, 
high-microcline, and low-muscovite gneisses overlap; however, the average in the low
muscovite gneiss is 1.5 %, significantly higher than in the high-muscovite and high
microcline gneisses where it is 1.1 %. 

MgO ranges from 0.2 % to 2.8 % in the gneisses and from 5.2 % to 8.2 % in the 
amphibolites. MgO generally decreases from the amphibolites to the intermediate 
gneisses to the felsic gneisses; however, the MgO content of the tailrace gneiss overlaps 
with the MgO content of the more felsic gneisses. There is no appreciable difference in 
the MgO contents of the muscovite-rich, microcline-rich, and muscovite-poor gneisses. 

N~O varies significantly within each group and is not correlated with increasing 

Si0
2

. Na
2
0 ranges from 1.8 % to 4.5 % in the amphibolites and from 1.8 % to 5.9 % in 

the gneisses. The microcline-rich gneiss has lower N~ 0 than the other felsic gneisses, 

with the exception of one sample from the muscovite-poor gneiss that contains 2.5 % 

N~O. 

~Ovaries by more than 3 % in the muscovite-poor gneiss and the muscovite-rich 

gneiss and the ~O contents of these groups overlap. The large variations of~O in 
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these gneisses and in the northern gneiss do not correlate with increasing Si0
2

• ISO 

varies by less than 1 % in the amphibolites and the microcline-rich gneisses. ISO in the 

tailrace gneiss varies by almost 2 % and increases with increasing SiOr The microcline

rich gneisses have the highest ISO content, varying from 5.1 % to 6.0 %. 

Total alkalis generally increase from the amphibolites to the hornblende and 
tailrace gneisses to the microcline-rich gneiss. Total alkalis overlap in the muscovite-rich 
gneiss and the muscovite-poor gneiss, and these gneisses have a large range of total alkali 
content. 

Phosphorous content is generally low. In the muscovite-rich, muscovite-poor, and 
microcline-rich gneisses, p2o5 ranges from 0.01 % to 0.04 %, with two high-muscovite 

gneisses that plot away from the rest of the felsic gneiss, at 0.11 % and 0.19 %. The 
tailrace gneiss and the northern gneiss have higher P 

2 
0 

5 
than the other gneisses, ranging 

from 0.04 % to 0.11 %. P
2
0

5 
varies significantly in the amphibolites, from 0.03 % to 

0.14 %. 

From the observations above, general characteristics of the major elements in the 
Fourmile Gneiss are as follows: 

1. The Fourmile Gneiss can be grouped by Si0
2 

content into three types, 

including mafic rocks (amphibolites), intermediate rocks (northern gneiss and tailrace 
biotite gneiss), and felsic rocks (muscovite-poor gneiss, muscovite-rich gneiss, and 
microcline-rich gneiss). The felsic gneisses have very high Si0

2 
contents. 

2. The felsic rocks have very similar compositional ranges, with the exception of 
CaO, which is significantly higher in the muscovite-poor gneiss than in the muscovite
and microcline-rich gneisses. 

3. Ti0
2

, total iron, MgO, and CaO decrease with increasing Si0
2 

throughout the 

unit; however, this trend may not be seen within the different members. Al
2
0

3 
contents 

of the amphibolites and intermediate gneisses overlap. Al
2
0

3 
is lower in the felsic rocks 

and decreases with increasing Si0
2 

within these groups. 

4. The wide variation in ISO and N~O in the felsic gneisses indicate 

mobilization of these elements from the rocks. This may have resulted from alteration or 
weathering processes. 

5. The differentiation index Ca/(Ca+Na) plotted in Figure 4J supports the 
grouping of the gneisses and amphibolites into felsic, intermediate, and mafic types. The 
Ca/(Ca+Na) ratio decreases with increasing Si02 between the groups, so that the 

intermediate and mafic rocks have higher values than the felsic rocks. 
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Classification of the Protoliths 

General classification of the gneisses into fields of mafic and felsic plutonic rock 
types is hampered by the fact that these are metamorphosed igneous rocks and that 
original mineral assemblages have changed as a result of two episodes of metamorphism, 
in the Acadian and in the Pennsylvanian. Additionally, it is difficult to determine if any 
of the minerals present are relict igneous grains. Certainly much of the mica and 
probably all of the garnet and chlorite in the gneisses have a metamorphic origin, as well 
as the hornblende and epidote in the amphibolites. Although the amphibolites are 
olivine-hypersthene nonnative (Table 7), no igneous olivine or pyroxene has been 
observed, suggesting a complete metamorphic overprint of the original mineralogy of the 
protolith. Plagioclase, garnet, epidote, minor quartz, allanite, and sphene are all present 
in the amphibolites and it is probable that the original mineral assemblage contained 
abundant plagioclase. It is obvious that plagioclase in the amphibolites grew during 
metamorphism, although the shapes of original plagioclase grains may persist in a few 
samples. 

To overcome the limitations of the current metamorphic mineralogy, the Founnile 
Gneiss samples can be characterized as particular igneous rock types based on their bulk 
composition. This has been done through volume norms in Figure 2B, showing that the 
Founnile Gneiss is mainly fonalite and granodiorite, with minor granite and diorite 
(amphibolite). 

Winchester and Floyd (1977) used ratios of Zr, Ti, Nb, and Y to discriminate 
between different types of volcanic rocks. These elements are considered immobile 
during metamorphism or alteration processes and therefore provide a reliable reference 
when considering the minor element and trace element compositions of metamorphosed 
or altered igneous rocks. Rubin et al. (1993), found that Zr, Nb, and Y can be mobile 
during hydrothermal alteration of alkalic, F-rich igneous suites by F-rich fluids. This, 
however, is unlikely to have occurred in the Fourmile Gneiss, which is subalkaline and 
has not been associated with significant F-rich hydrothermal alteration. Because Zr 
behaves incompatibly, it accumulates in the melt during progressive differentiation of a 
magma series. Ti02 behaves compatibly in intermediate and felsic rocks, and it generally 

decreases with increasing differentiation. Highly fractionated granitic magmas such as 
the felsic gneisses in the Fourmile Gneiss, typically have Zr/Ti0

2 
ratios that are higher 

than their associated mafic magmas. The Zr/Ti02 ratio of the Founnile Gneiss increases 

with increasing Si02, suggesting that Zr/Ti0
2 

may be used as a differentiation index 

(Figure 6A). The ratio of Nb to Y can be used as a measure of the alkalinity of a rock 
suite (Winchester and Floyd, 1977; Floyd and Winchester, 1978; and Pearce, 1982). 

A plot of Zr/Ti02 versus Nb/Y (Figure 6B) can be used to discriminate between 
various volcanic rock types using these immobile elements (Winchester & Floyd, 1977). 
High Nb/Y ratios characteristic of alkalic rocks result from high Nb content of alkalic 
rocks relative to sub-alkaline rocks. Based on the parameters in Figure 6B, the Founnile 
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Figure 6B. is a nomenclature diagram (Winchester and Floyd, 1977) using immobile 
trace elements. Symbols are as follows: muscovite-rich gneiss are open triangles, 

microcline-rich gneiss are filled triangles, muscovite-poor gneiss are open squares, 
tailrace gneiss are filled squares, northern gneiss are open diamonds, and 
amphibolites are filled diamonds. 
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Gneiss consists of sub-alkaline basalt, dacite, and rhyolite, with the northern gneiss 
plotting in the andesite field. These volcanic classifications are chemically equivalent to 
the plutonic rock names diorite, granodiorite/tonalite, and granite. 

The felsic and intermediate gneisses have major element compositions which 
range from I-type to S-type and from metaluminous to peraluminous (Figures 7 A and 
7B). The plot ofN~O versus JSO was used by Chappell and White (1984) to distinguish 

I-type granites derived from partial melting of infracrustal rocks, from S-type granites 
derived from partial melting of supracrustal material. By this classification, I-type 
granites are low in JSO relative to N~O. The Fourmile Gneiss groups have I-type 

compositions with the exception of the microcline-rich gneiss which contains about two 
to three times as much JSO as N~O. In Figure 7B, the felsic gneisses are fairly well 

distinguished by their aluminum saturation index (ASI) and their Si02 content. The ASI 

is calculated as the molar ratio of Al20
3 

to the sum ofCaO + N~O + JSO. The northern 

gneiss has the lowest ASI values of all of the gneisses. These rocks are metaluminous 
(Al20 3 < CaO + Na20 + K20, Al20 3 > Na20 + K20) and can be characterized as I-type. 
As the gneisses become increasingly Si0

2 
rich, the ASI rises from the moderately 

peraluminous tailrace and muscovite-poor gneisses with ASI values between 1.0 and 1.1, 
to the highly variable, and in some cases strongly peraluminous, muscovite-rich and 
microcline-rich gneisses. Those compositions with ASI values greater than 1.1 are 
considered S-type, while those with ASI less than 1.1 are considered I-type. 

The spectrum of compositions observed in the gneisses probably resulted from 
alteration of the major element compositions through mobilization of CaO, Na20, and 
K20. Various alteration processes may have been be responsible for the transition from 
I-type to S-type granitoids in the Fourmile Gneiss. Hydrothermal alteration of the 
gneisses would remove Kand Na from the rock. Subaerial weathering of feldspar and 
subsequent formation of clay minerals, would concentrate Al relative to Na or Ca. 
Alternatively, igneous processes can also cause this transition. Fractionation of phases 
with low ASI from I-type magmas, or a change in the partially melted source-rocks from 
infracrustal to supracrustal sedimentary rocks, would drive compositions toward higher 
ASI values. Regardless of the process responsible for the highly peraluminous 
compositions of some gneisses, it most likely occurred prior to or during the 
metamorphism that established the current mineral assemblages. 

Because metamorphic textures probably developed after chemical alteration of the 
protolith, it is not possible to find textural evidence of exactly what process is responsible 
for the alteration. The most effective solution is to propose likely processes that may 
have acted on the Fourmile Gneiss and evaluate the effects that these processes would 
have had on un-altered compositions. The muscovite-poor gneisses are chemically 
similar to the muscovite-rich and microcline-rich gneisses, however they have lower ASI 
values and are most likely I-type compositions. The intermediate northern and tailrace 
gneisses also provide possible reference compositions, but they are much less 
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differentiated than the other gneisses and therefore may not be a good choice for 
exploring the processes that resulted in the highly peraluminous gneisses. 

Plotted on an AFM diagram (Figure 8), the Fourmile Gneiss follows a steep calc
alkaline trend with the exception of two amphibolites characterized by total iron above 12 
weight% and low (<2 weight%) Na20. The observed calc-alkaline trend is reasonable in 
a magma associated with a destructive plate margin. The four microcline-rich gneisses 
plot closest to the alkali comer of the diagram, reflecting their high ~O content. The 

muscovite-rich gneiss, muscovite-poor gneiss, and tailrace gneisses show significant 
overlap, although the tailrace gneisses appear to be less fractionated. The northern gneiss 
is an intermediate composition, and it appears to bridge the gap between the amphibolites 
and the felsic gneisses. This diagram does not clearly show any co-genetic relationship 
between the amphibolites and the gneisses because not enough intermediate and mafic 
samples are represented. 

Amphibolite Geochemistry and Petrology 

The compositions of the Fourmile Gneiss amphibolites provide crucial 
information regarding the chemical classification and petrologic history of the 
amphibolite protoliths. Accounting for possible alteration of the amphibolites, the 
compositions can be used for igneous classification and interpretation of tectonic setting. 
This section addresses these issues and provides an interpretation of the tectonic setting 
of the amphibolites. 

Assessing Chemical Alteration 

Weathering, hydrothermal seawater alteration, and chemical changes during 
metamorphism may have changed the original major-element compositions of the 
amphibolite protoliths. Assessing the extent of secondary alteration provides an idea of 
how closely the amphibolite compositions represent the compositions of their un-altered 
protoliths. Previous studies by several authors, cited below, provide information on the 
effects of alteration processes. This information is used to assess the degree of alteration 
of the F ourmile Gneiss amphibolites. 

Hajash and Chandler (1981) conducted experiments examining the effects of 
seawater interaction with a variety of volcanic rock types from convergent and divergent 
plate margins. The dominant chemical change during seawater/basalt interaction through 
a temperature range from 200°C to 500°C involved both a loss of Mg and an increase in 
acidity of the seawater by precipitation of various hydrous Mg-silicate phases. Ca in the 
seawater increased by leaching from Ca-rich basalt. Scott and Hajash (1976) and 
Andrews (1977) found that low-temperature seawater alteration of basalt resulted in 
enrichment of Ca, Mg, and Na in the seawater and enrichment in K in the basalt. Sub
aerial weathering removes Ca, Mg, and Na from basalt (Loughnan, 1969, Schumacher, 
1983). 
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Application of the low-temperature- and high-temperature- seawater alteration 
studies on volcanic rocks to the Fourmile Gneiss amphibolites relies on the assumption 
that seawater would affect the intrusive protoliths of the amphibolites in the same way 
that it affects basalt and that the seawater would have access to the amphibolite protoliths. 
One possible pathway for seawater to contact and alter the Fourmile Gneiss amphibolite 
protoliths is by infiltration through fractures or openings within the intrusive body. If the 
amphibolite protoliths were dolerite dikes or sills nestled within the felsic rocks, it is 
reasonable to suspect that fractures may be associated with the boundary between the two 
rock types and that seawater or some other fluid would fill in the fractures. Rose and 
Bird (1994) observed compositional changes in dolerite dikes that experienced 
hydrothermal alteration by meteoric water circulating through the pores of the dikes. 
Precipitation of CaAl-silicate phases removed Ca from the circulating water and Na from 
the dolerite dikes. The dikes also showed small depletions of Mg and some Al 
enrichment. 

Schumacher (1983) produced a figure depicting the effects on basalt ofhigh
temperature seawater alteration, low-temperature hydrothermal alteration, and sub-aerial 
weathering, and he used it to discriminate between altered and fresh amphibolites from 
the Ammonoosuc Volcanics. Figure 9 is Schumacher's alteration figure that has been 
modified to include the effect of meteoric hydrothermal alteration. Ca-Mg exchange 
between basalt and seawater would move the compositions of the amphibolites along the 
solid arrows in Figure 9, toward high Mg and low Ca. Low-temperature hydrothermal 
alteration and sub-aerial weathering of basalt would remove Ca and Mg from the basalt 
and the amphibolite compositions would move toward the origin of the figure. Meteoric 
hydrothermal alteration would move the amphibolite compositions along the Ca-ratio 
axis, with a small component of movement toward lower Mg-ratio values as alteration 
progressed. The direction of movement along the Ca-ratio axis depends on the relative 
amounts of Ca, Al, and Na exchanged during the alteration. If a relatively large amount 
of Ca is removed from the water, the rock might plot above the plagioclase-diopside 
boundary, and it could be considered chemically altered. 

The Fourmile Gneiss amphibolites have major-element concentration ratios 
similar to typical island arc basalts with normative plagioclase, diopside, orthopyroxene, 
and olivine. The amphibolite compositions do not appear to have been significantly 
altered by sub-aerial weathering, high-temperature seawater alteration, low-temperature 
seawater alteration, or meteoric hydrothermal alteration. 

Igneous Classification 

The amphibolites have basaltic compositions intermediate between tholeiitic and 
calc-alkaline. The distribution of the Fourmile Gneiss amphibolites on a total alkalis 
versus silica nomenclature plot is shown in Figure 1 OA (LeBas et al , 1986), with six of 
the seven amphibolites plotting toward the middle- to high- silica portion of the basalt 
region, and sample 61 plotting just to the right of the basalt-andesite boundary. 
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hydrothermal alteration and weathering processes moves a bulk composition along the 
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amphibolites do not appear to be altered, and they plot within the area bound by the 
compositions of their normative minerals plagioclase (Plag), clinopyroxene (CPX), 

orthopyroxene (OPX), and olivine (Ol). 
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Figure lOB (Miyashiro, 1974) suggests a tholeiitic classification for the amphibolites 
based on the FeO/MgO ratio, which is above, or very close to, the tholeiitic versus calc
alkaline boundary at appropriate Si0

2 
contents. However, the AFM diagram in Figure 8 

suggests that five of the seven amphibolites have calc-alkaline compositions. 

Tectonic Setting 

The Fourmile Gneiss is believed to be a metamorphosed intrusive igneous unit, 
and it is not clear what the amphibolite protoliths actually were. One possibility is that 
the protoliths were concordant diabase dikes or sills. This explanation is reasonable, 
because the amphibolites represent a small proportion of the of the rocks in the unit, 
probably less than 10% of the exposed rock, and no cross-cutting relationships between 
the amphibolites and the gneisses have been observed in the field. The amphibolites 
typically form concordant layers within a gneiss outcrop that can extend tens of feet along 
strike. These layers range from very thin to several feet thick. In areas with little gneiss 
outcrop, amphibolites form small, low-lying ledges. 

A second possibility is that the amphibolite protoliths were volcanic xenoliths 
incorporated in the F ourmile Gneiss intrusions and subsequently deformed during 
metamorphism. Amphibolites in the Ammonoosuc Volcanics and the Partridge 
Formation have tholeiitic compositions similar to the Fourmile Gneiss amphibolites and 
are coeval with the them; however, the Ammonoosuc Volcanics and Partridge Formation 
typically have higher proportions of mafic rocks than the F ourmile Gneiss. 

Various authors have argued that protoliths of the F ourmile Gneiss and related 
plagioclase gneisses were generated by magmatic activity along the Bronson Hill 
magmatic arc (Tucker and Robinson, 1990, Leo, 1991; Robinson et al., 1992; Hollocher, 
1993). The nature of the magmatic arc is unclear. Leo (1991) argued that the plutonic
volcanic association seen in the Bronson Hill anticlinorium was characteristic of a setting 
transitional between an oceanic arc and a continental margin arc, with the volcanic rocks 
produced along the oceanic arc and the plutonic rocks produced by melting of continental 
crust along the convergent continental margin. Hollocher (1993) argued a somewhat 
different scenario, with the volcanics of the Ammonoosuc Volcanics and Partridge 
Formation originating in a back-arc setting associated with subduction beneath the 
Bronson Hill magmatic arc and the intrusive gneisses originating along the island arc east 
of the Laurentian margin. 

Ti, Zr, Sr, and Y can be used to distinguish the various tectonic settings in which 
basaltic melts, such as those that formed the protoliths of the Fourmile Gneiss 
amphibolites, are generated (Pearce and Cann, 1973; Pearce and Norry, 1979). A plot of 
Till 00 versus Zr versus Sr/2, shows no overlap between the tectonic environments. The 
Fourmile Gneiss amphibolites plot entirely within the island arc field based on these 
parameters (Figure I IA). A plot incorporating Y*3 in the place of Sr/2 shows limited 
overlap of tectonic environments (Figure 1 IB). Six of the seven amphibolites plot in the 
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Figure 11. Tectonic discrimination diagrams of the Founnile Gneiss amphibolites. Figures I IA and 118 
after Pearce and Cann ( l 973 ). Figure 11 C after Pearce and Norry (I 979). Figure I ID after Mullen ( 1983). 
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island arc field in Figure 1 lA. Sample 58 plots in a field common to island arc basalts, 
ocean floor basalts or calc-alkali basalts. 

Figure 1 lC plots Zr/Y against the concentration of Zr, and this figure shows some 
overlap between the regions designated as island arc basalts and MORB. Six of the seven 
amphibolites plot within or very close to, the island arc basalt field. Sample 58 plots 
within a region that is shared by island arc basalts and MORB. The low Zr/Y ratios and 
Zr concentration of island arc basalts may be a characteristic of the source that was 
melted to produce the basalts (Pearce and Norry, 1979). In Figure 1 lD (Mullen, 1983), 
the major oxides Ti02, MnO, and P20 5 describe fields for various tectonic settings. In 

this figure the amphibolites plot within the fields of calc-alkaline basalts and island arc 
tholeiites. 

The tectonic discrimination diagrams in Figure 11 clearly suggest that the 
amphibolites in the F ourmile Gneiss have chemical compositions most similar to basalts 
produced in an island arc setting. Unfortunately, these figures do not clearly distinguish 
the protoliths of the Fourmile Gneiss amphibolites in terms of the setting within the arc 
itself. Where a distinction is made between calc-alkali island arc basalts that are 
produced in the main part of the arc and tholeiitic island arc basalts that are produced in 
an extensional environment in a back-arc setting, the Fourmile Gneiss amphibolites 
commonly fall under both of these categories (Figures 1 lB and 1 lD). 

Using MORB-normalized compositions, the average Fourmile Gneiss amphibolite 
can be compared with representative compositions of arc-related basalts, including 
tholeiitic island arc basalt, high-K calc-alkali island arc basalt, and basalt transitional 
between calc-alkali basalt and island arc tholeiite (Figure 12, after Pearce, 1982). The 
average Fourmile Gneiss amphibolite, like the transitional calc-alkali/tholeiitic basalt and 
the high-K calc alkali basalt samples, is significantly enriched in the low field-strength 
elements (Sr, K, Rb, Ba, and Th), relative to MORB. The island arc tholeiite sample is 
also enriched in Sr, K, Rb, and Ba; however, the enrichment is not so strong for these 
elements, and Th is depleted relative to MORB. Enrichment of low field strength 
elements in island arc basalts can result from dehydration of a subducting slab of 
weathered oceanic crust. Fluids from this slab contain low field strength elements 
removed from secondary minerals in the weathered oceanic crust. These fluids may 
contribute to the basalt source and enrich it in low field strength elements (Pearce, 1982). 
The average Fourmile Gneiss amphibolite displays a strong depletion in Nb relative to 
Th, and the slope of this segment is most similar to the high-K calc alkali basalt and the 
transitional calc-alkali/tholeiitic basalt patterns. The overall pattern of the average 
Fourmile Gneiss amphibolite strongly resembles the high-K calc alkali basalt pattern; 
however, the incompatible high field-strength elements (Zr through Cr) in the average 
Fourmile Gneiss amphibolite have concentrations closer to the island arc tholeiite and 
transitional calc-alkali/tholeiitic basalt samples. The patterns of the high field strength 
elements reveal the calc-alkaline nature of these rocks, and the concentrations of these 
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Figure 12. MORB-normalized trace element classification diagrams of the Fourmile Gneiss 
amphibolites. After Pearce, 1982. Average compositions of arc-related basalts are plotted for 
comparison with the average Founnile Gneiss amphibolites composition. High-K Cale-Alkaline 
Basalt (High-K CAB) from New Hebrides (Gorton, 1977). Cale-Alkaline/Island Arc Tholeiite 
(CAB/IAT) from Krakatoa (Pearce, 1982). Island Arc Tholeiite (IAT) from South Sandwich 
Islands (Pearce, 1982). 
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elements may be characteristic of the mantle source from which the amphibolite 
protoliths were derived. 

Amphibolite Petrogenesis 

Major- and trace-element analyses for the amphibolites in the Fourmile Gneiss are 
given in Table 12. Of the seven amphibolites analyzed, sample 62 contains the highest 
concentration ofMgO, Ni, Cr, and has the highest Mg# as molar MgO/(MgO+FeO). 
These characteristics suggest that sample 62 represents the least :fractionated amphibolite 
studied, and therefore it is appropriate to use this sample to calculate a model parental 
liquid from which the amphibolites in the Fourmile Gneiss may have ultimately been 
derived. The model used here assumes that the parental liquid experienced low-pressure 
olivine :fractionation. Experimental studies by Kushiro (1968) and Green and Ringwood 
(1967) indicate that the primary phase field for olivine expands as basaltic magmas rise 
from the mantle and pressure decreases. Early olivine fractionation is also supported by 
the experiments of Grove and Kinzler (1986) and Jaques and Green (1980), which 
conclude that olivine is a low-pressure liquidus phase for basaltic melts. The effect of 
olivine fractionation from primitive basaltic melts has been used to estimate the 
composition of magmas that may be parental to fractionated basalts (Frey et. al., 1978; 
BVTP, 1981; Nicholls et. al., 1980; Nye and Reid, 1986). 

Olivines from peridotite xenoliths of spinel lherzolite and garnet lherzolite range 
in Mg# from 0.85 to 0.93, and contain between 1300 and 3900 ppm Ni (BVTP, 1981, 
table 1.2.11.2), with typical values for Mg# of0.91and3200 ppm Ni (BVTP, 1981, 
Forbes and Banno, 1966, Frey and Green, 1974, Sato, 1977). In the model developed 
below, the mantle olivine is assumed to have an Mg# of 0.90 and 3000 ppm Ni. The 
reaction distribution coefficient describing the partitioning ofFeO and MgO between 
olivine and melt can be described using a value for Ku=(Fe0/Mg0)0 /(FeO/MgO)Melt of 
0.3 +/-0.03 (Roeder and Elmslie, 1970), and this K

0 
is not affected by changes in 

temperature, composition or oxygen fugacity (BVTP, 1981). The partitioning of Ni and 
MgO between olivine and melt can be described using a value for K

0 
as 

(Ni/Mg0)0 /(Ni!MgO)Melt between 2.72 and 1.65 for temperatures between 1250° C and 

1500 C (BVTP, 1981). 

A model parental magma that is in equilibrium with the chosen mantle olivine 
would have an Mg# of 0.73 assuming that (FeO/Mg0)0 /(FeO/MgO)Meit is 0.3. Ni/MgO 

would range from 22.4 to 36.9 depending on the chosen Ni/MgO exchange coefficient 
and the chosen temperature. The method used to model the composition of a magma 
parental to the Fourmile Gneiss amphibolites was to calculate the FeO/MgO ratio of an 
olivine in equilibrium with sample 62, and add one percent of this olivine to sample 62. 
The new magma composition was normalized to the original total weight %, and the 
process was repeated at one percent increments until the Mg# of the model liquid reached 
0.73. This required 21 % olivine addition. Figure 13A shows the evolution of the 
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Figure 13. Ni versus Mg# and REE patterns of model parental amphibolite magma and 
amphibolite sample 62. Figure 13A is a plot of Ni (ppm) versus Mg #, showing the 
progression of model liquid compositions (filled circles) and equilibrium olivine compositions 
(open diamonds). The dashed lines connect the model liquid and equilibrium olivine 
compositions at 0% olivine addition (lower line) and 21% olivine addition (upper line). 
Figure 13B is a REE plot of sample 62 and the model parental amphibolite magma. 
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calculated parental liquid and the equilibrium olivine. The derived liquids have 13.7 
weight% MgO. The Ni content of the magma was constrained by the same method of 
incremental olivine addition, using a value for K0 as (Ni/Mg0)0 /(Ni/MgO)Melt of2.38. 

The model parental liquid has 350 ppm Ni and a Ni/MgO ratio of25.5 after 21 % olivine 
addition. 

REE and trace element contents of the parental liquid were estimated by solving 
. . • . liq hq KD-1 liq • 

the Rayleigh Fract1onat1~on equation as: X !X (Original) = (F) , for X (Original)" This 

method assumes that X 
1

q, which is the composition of the fractionated liquid, begins at 
sample 62. Following 21 % olivine addition, the calculated parental magma is uniformly 
depleted in REE and most trace elements by 14 % to 21 %; however, Ni is enriched to 
387 ppm, in agreement with the 350 ppm estimated using incremental olivine addition. 
Depletion of the REE is especially consistent, as seen by the calculated REE pattern of 
the model liquid compared to the REE pattern for sample 62 (Figure 13 B). The small 
range in K

0 
values used for the REE (0.001 to 0.008) results in the uniform dilution of 

REE in the calculated parental magma (depleted by 20.85 % to 21 %). 

A model that generates the parental magma composition was constructed using 
the REE pattern of the parental magma as a target composition. Because this magma is 
assumed to be parental to the most primitive Fourmile Gneiss amphibolite, it was 
modeled as a result of partial melting of a mantle source without crystal fractionation (it 
was modeled as a "primary" magma). Concentrations of REE in the parental magma 
range from five times chondrite to ten times chondrite. Fractionation of the LREE is 
shown by the decrease from La to Sm. The parental magma is LREE enriched, and has 
an unfractionated (flat) HREE pattern. HREE concentration is between five times 
chondrite and six times chondrite. There is no Eu anomaly in the parental magma. 

The dynamic partial melting model uses the equations of Langmuir et al. (1977), 
and Wood (1979). The model used in this study assumes that melting occurred in one
percent increments, and that a small fraction (1 %) of the melt produced during each 
melting increment remained in equilibrium with the solid residue, while the rest of the 
melt was removed and mixed with the fractionated melts from each successive melting 
increment. This model approaches a perfect fractional melting process; however there is 
a minor component of equilibrium melting represented by the liquid that is trapped in the 
restite. This model allows for greater degrees of partial melting than a perfect fractional 
melting model would allow because the small fraction of melt that is retained in 
equilibrium with the restite is incorporated in the composition of the restite for each new 
melting increment. The total amount of liquid that is separated from the restite is slightly 
less than the total amount of liquid that is generated. 

Constraints on the minerals present in the mantle source were established by 
evaluating the REE patterns generated by melting the common mantle minerals olivine, 
clinopyroxene, orthopyroxene, amphibole, plagioclase, spinel, garnet, and biotite from a 
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chondritic mantle. Plagioclase produces strong negative Eu anomalies when they are 
melted. Because the target parental magma does not have a significant Eu anomaly, 
plagioclase was not considered to be present in the mantle source. The LREE-enriched 
nature of the target parental magmas can be generated by melting amphibole or garnet 
from a chondritic mantle, however these minerals produce very significant depletion of 
the HREE upon melting (especially garnet). The flat nature of the HREE in the target 
parental magma preclude the possibility that garnet or amphibole were present in the 
mantle source. Combinations of the remaining phases, olivine, clinopyroxene, 
orthopyroxene, and spinel produce flat to slightly HREE-enriched liquids when melted. 
The mantle source mineralogy chosen for this model is a spinel lherzolite that contains 
15 % clinopyroxene, 20 % orthopyroxene, 2 % spinel, and 63 % olivine. The model 
source compositions that produce the parental composition by 7 % to 9 % partial melting 
are LREE enriched, with about two- to six-times chondrite La content; Pr to Eu range 
from about one- to three-times chondrite concentrations. The model sources are slightly 
depleted (0.9 times chondrite) to slightly enriched (just above chondrite concentrations) 
in the HREE, and the HREE are unfractionated. 

Figure 14 shows the chondrite normalized REE patterns for the seven Fourmile 
Gneiss amphibolites studied. With the exception of sample 61, the amphibolites are all 
LREE enriched, with moderately fractionated LREE (La to Sm), and generally 
unfractionated MREE and HREE. Sample 59 has a significant negative Ce anomaly that 
suggests the sample may have experienced weathering in an oxidizing environment, 
causing Ce to gain a +4 charge and removing it from the rock (Kurt Hollocher, personal 
comm., 1993). Six of the seven amphibolites have negative Eu anomalies, with sample 
57 having a small positive Eu anomaly. Sample 56 has the lowest total REE content and 
is LREE enriched, with undulating but generally unfractionated MREE and HREE 
patterns. 

Figure 15 shows the results of the amphibolite model. The average of six LREE 
enriched F ourmile Gneiss amphibolites can be produced by a combination of partial 
melting of a LREE enriched mantle source and subsequent fractional crystallization of the 
partial melts. The chosen mantle source composition is shown in Figure 15 along with 
the composition of a LREE enriched spine! lherzolite, sample UM-13 taken from Salt 
Lake Crater, Hawaii (BVTP, 1985, table 1.2.11.5). The REE pattern of sample UM-13 is 
similar to the pattern of the chosen source composition, although its La-Ce slope is not 
quite as steep, and Lu is enriched with respect to the other HREE. The model source 
spinel-lherzolite contains 63 % olivine, 20 % orthopyroxene, 15 % clinopyroxene, and 
2 % spinel; 8 % partial modal melting of this lherzolite produces a magma with the 
composition of the model parental magma. The average Fourmile Gneiss amphibolite 
composition is bracketed by two liquids, each produced through two stages of fractional 
crystallization of the parental magma. The initial stage involves 21 % fractional 
crystallization of olivine, which produces a liquid with the composition of the least 
fractionated Fourmile Gneiss amphibolite (sample 62). The second stage involves 20 % 
to 35 % fractional crystallization of a basalt with 45 % olivine, 25 % clinopyroxene, and 
30 % plagioclase. 
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Figure 14. Chondrite-normalized REE patterns of the Founnile Gneiss amphibolites. 
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Figure 15. Chondrite-normalized REE patterns for amphibolite model liquids. The heavy solid 
lines bracket the upper and lower ranges of Fourmile Gneiss amphibolite compositions. 
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Figure 16 displays the variation of Lu and Ce in the model liquids and the 
amphibolites. The Lu/Ce ratio of the model liquids increases as partial melting of the 
mantle source progresses. LREE enriched liquids are produced from 6 % to 11 % partial 
melting, and HREE enriched liquids are produced from 11 % to 14 % partial melting. In 
contrast to partial melting, fractional crystallization of olivine and olivine-clinopyroxene
plagioclase enriches the residual liquid in Ce but does not dramatically affect the Lu/Ce 
ratio. Five of the seven amphibolites studied can be generated by 6 % to 10 % partial 
melting of the chosen LREE enriched mantle, followed by 0 to 60 % total fractional 
crystallization. The first 20 % of the fractional crystallization involves olivine 
fractionation from the ascending parental magma, and the remaining crystallization of the 
residual liquids involves co-crystallization of olivine-clinopyroxene-plagioclase. Sample 
61 is HREE enriched, and cannot be adequately explained using this model. Sample 56 
lies to the left of the model melting curves, and was most likely derived from a source 
with uniformly lower REE concentrations. 

Geochemistry of the Felsic and Intermediate Gneisses 

Interpretations of the petrogenesis and tectonic setting of plagioclase gneisses in 
the Fourmile Gneiss and associated units characterize the intrusive products of Bronson 
Hill magmatism. In this section the geochemistry of gneisses in the F ourmile Gneiss is 
examined and an interpretation of their tectonic setting is provided. Prior to interpreting 
the tectonic setting, the degree of chemical alteration of the gneisses is assessed and 
probable alteration processes are proposed. 

Chemical Alteration and Metamorphic Mineralogy 

A primary goal of this study was to describe the differences between felsic 
gneisses from the upper and lower parts of the F ourmile Gneiss. The upper and lower 
gneisses exposed in the central and southern parts of the Pelham dome have fairly similar 
compositions; however, they may be distinguished based on their weathering 
characteristics and their relative amounts of muscovite and biotite. A very broad 
characterization of the lower muscovite-rich gneiss suggests that it displays yellow
orange weathering near the outcrop surface, contains abundant muscovite, and may be 
associated locally with thin amphibolite lenses. The muscovite-rich gneiss also contains 
isolated occurrences ofkyanite-bearing plagioclase gneiss and of rusty-weathering 
gedrite-gneiss that is reminiscent of altered Arnmonoosuc Volcanics. The upper 
muscovite-poor gneiss generally weathers gray although it may display yellow-orange 
weathering, contains little or no muscovite, and is not associated with amphibolites. 
Compositionally, the most significant difference between the gneisses is the CaO content, 
which is significantly higher in the muscovite-poor gneiss. 

Figures 17 and 18 were prepared to explain the mineralogical differences of the 
two gneisses by examining differences in compositions and calculated compositional 
parameters. It is assumed that the compositions of the gneisses were not changed 
significantly after the last metamorphism, and that the mineral assemblages are 
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Figure 16. Lu I Ce versus Ce for the Fourmile Gneiss amphibolites and for model liquids. 
Fourmile Gneiss amphibolites are filled diamonds. Initial liquid compositions (heavy dash 
marks, with number labels corresponding to the percent of partial melting) represent 6% to 
14% partial melting of a LREE-enriched mantle source (open circle). Liquid compositions 
derived from subsequent fractional crystallization of olivine (from 0% to 20% total fractional 
crystallization) followed by co-crystallization of olivine+clinopyroxene+plagioclase ( from 20% 
to 60% total fractional crystallization), are shown by solid lines with hachures corresponding 
to 10% increments of fractional crystallization. The inset shows the general trend resulting 
from increased partial melting or fractional crystallization. The figure is modified from 
Hollocher, 1993 (Figure 15A). 
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Figure 17. AKF projection of gneisses from the Fourmile Gneiss. All parameters are in molar%. 
A' = (Alp3 + Fe20 3 -CaO - K20 - Na20 + 3.33 Pi05), K' = (2 K20), F'= (FeO + MnO + MgO). 
Compositions ofkyanite (ALS), muscovite (Muse), and microcline (KF) are for pure phases. The biotite 
composition (Bt) extends from the K'-F' sideline, allowing for Al, Fe3

+ substitution for Fe2
+, Mg in the 

octahedral sites and for Si in the tetrahedral sites. The heavy line extending from the K' comer 
discriminates gneisses by muscovite content. Numbers are sample numbers that are discussed in the text. 
Symbols are as follows: muscovite-rich gneiss are open triangles, microcline-rich gneiss are filled 
triangles, muscovite-poor gneiss are open squares, tailrace gneiss (Hodgkins, 1985) are filled squares, 
northern gneiss are open diamonds, and amphibolites are filled diamonds. 
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Figure 18. Muscovite/Biotite versus Ca/Mg and 2Ca/(Al-K) versus Na/(Al-K) of the Fourmile 
Gneiss. In Figure ISA the Ca/Mg ratio is used to assess the effects of possible pre
metamorphic hydrothermal seawater alteration, which would lower the Ca/Mg ratio in the 
gneisses. Figure ISB (after Schumacher, 1983) assesses the effects of possible pre
metamorphic subaerial weathering of the gneisses. Weathering ofplagioclase would move the 
gneisses toward the origin of the plot. Highly peraluminous samples from the muscovite-rich 
gneiss and the microcline-rich gneiss are enclosed within the stippled region. Weathering 
processes may have altered the compositions of these samples. Symbols are as follows: 

muscovite-rich gneiss are open triangles, microcline-rich gneiss are filled triangles, muscovite
poor gneiss are open squares, tailrace gneiss (Hodgkins, 1985) are filled squares, and northern 
gneiss are open diamonds. 
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representative of the measured bulk compositions of the rocks. Post-metamorphic 
chemical alteration would most likely result from subaerial weathering. Weathering rinds 
on the outcrop surfaces of the gneisses resulted from post-metamorphic weathering. 
Samples were taken from outcrops with varying degrees of weathering, but in all cases 
the weathering rinds did not extend past a few centimeters into the rock. All of the 
samples that were analyzed were taken from the freshest part of the outcrop, well beneath 
the weathering rind. In thin section, the samples appear fresh, with sharp grain 
boundaries and very little to no sericite on the feldspar. Because of the precautions taken 
during sample collection and preparation, it is assumed that the analyzed compositions do 
not record the effects of post-metamorphic weathering. 

Figure 1 7 shows the compositions of the gneisses on an AKF diagram. 
Compositions for kyanite, muscovite, and K-feldspar are for pure end-member phases. 
The biotite composition extends from the K'-F' sideline along a path parallel to the A'-F' 
sideline, allowing for limited coupled substitution of Al and Fe3

+ for Fe2
+ in the 

octahedral sites and Al and Fe3
+ for Si in the tetrahedral sites. Because the true 

compositions of the minerals in the gneisses are not known, the phase relationships 
displayed in this figure are very qualitative. Samples generally fall into the region 
muscovite+biotite+K-feldspar; however, not all of these samples have K-feldspar or 
muscovite in their modes. Regardless of its limitations, the figure provides some 
information concerning the mineral assemblages and their relative amounts based on the 
gneisses' bulk-compositions. Seventeen of twenty-one muscovite-rich gneisses, including 
the four microcline-rich gneisses, plot above the heavy line from K-feldspar to the Al-rich 
biotite composition. Eighteen of twenty-two muscovite-poor gneisses plot below this 
heavy line, as do all of the tailrace gneisses and the northern gneisses. This line was 
placed at the particular biotite composition because it best discriminates the muscovite
rich and microcline-rich gneisses from the muscovite-poor gneisses. Generally, gneisses 
with high muscovite/biotite ratios have higher A' values at their K'/F' ratio than gneisses 
with low muscovite/biotite ratios. This suggests that the A' component may be 
controlling the presence and relative amounts of muscovite in the gneisses. The A' 
component is calculated as Al203-Kz0-N~O-Ca0+3.33P205 (molar%). From the 

frequency diagrams in Figure 5 and the variation diagrams in Figure 4, it is apparent that 
Al203, KzO, N~O, and P20 5 contents of the gneiss groups overlap, while CaO content is 

higher in the muscovite-poor gneisses than in the muscovite-rich and microcline-rich 
gneisses. The A' component appears to be controlled by the Cao content of the gneisses, 
with higher A' values corresponding to lower CaO content. This leads to the first general 
conclusion of the figure, that the relative amount of muscovite in the gneisses is 
controlled by the A' value, which increases with decreasing Cao content at a given F'/K' 
ratio. 

Sample 3 plots above and to the right of the muscovite-biotite line in Figure 17. 
This sample has 12.5 weight% Al20

3
, which is slightly lower than the mode for the 

muscovite-rich gneisses, and it has 0.79 weight% CaO and 0.82 weight% KzO, which 
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are among the lowest concentrations of these oxides in the muscovite-rich gneisses. 
Sample 3 is unique in the collected gneisses because it contains kyanite. In Figure 17, 
this is the only sample that plots in the kyanite-muscovite-biotite field. The presence of 
kyanite is permitted in this rock because of its low CaO and ~O content, which give it a 

high A' value and a low K'/F' ratio. 

Figure 17 displays the dependence of the muscovite and biotite content on the 
relative amounts of A', K', and F' components; the relationship is particularly sensitive to 
the A' component, which appears to be controlled by the amount of CaO in the gneisses. 
Four of the muscovite-rich gneisses (samples 2, 7, 12, 16) fall in the field dominated by 
muscovite-poor gneisses. The compositions of these gneisses may have been altered after 
the last metamorphism, during which the muscovite-rich assemblage developed; 
alternatively, the muscovite-rich nature of these samples may be explained by the 
absolute concentrations of some of the relevant major-elements. CaO contents in these 
gneisses range between 1.1 weight% and 1.6 weight%, which is on the high end of the 
range displayed by muscovite-rich gneisses in the frequency diagram in Figure 5 C, but is 
still lower than the muscovite-poor gneisses. Sample 7 has 14.16 weight% Al203, 2.01 

weight% FeO and 1.33 weight% MgO, which are the highest concentrations of these 
oxides in the muscovite-rich gneisses. Sample 7's position in Figure 17 results from its 
high Al20 3, FeO, and MgO contents compared to its moderate ~O content, which pull it 

to the right of the muscovite-rich versus muscovite-poor dividing line. In Figure 7B 
sample 7 has a very high ASI value (1.24), reflecting the high Al content. This sample is 
very micaceous, with muscovite and biotite each accounting for 16 % of the mode. 
Although sample 7 plots in the muscovite-poor area of Figure 17, its high muscovite 
content results from its high Al20 3 content and relatively low Ca content. Because Ca is 

low, Al is not completely tied-up in plagioclase, and it is incorporated in muscovite and 
biotite. Biotite is the dominant ferromagnesium phase in this sample, and it accounts for 
some of the available Al; however, the rock's very high Al20 3 content requires an 

aluminous phase, such as muscovite or kyanite. Kyanite is not present in the sample 
because there is sufficient ~Oto incorporate the Al

2
0

3 
in muscovite. 

Four of the muscovite-poor gneisses (samples 33, 35, 41, 42) plot in the field 
dominated by muscovite-rich gneisses in Figure 17. Samples 33, 35, and 42 plot very 
close to the muscovite-poor field, while sample 41 plots well into the muscovite-rich 
field. Samples 33, 35, and 41 contain between 1.9 % muscovite and 2.6 % muscovite, 
which are among the highest amounts of muscovite in the muscovite-poor gneiss. 
Overall, these gneisses do contain significant amounts of muscovite, and their positions 
in Figure 17 may be appropriate for their mineralogy. I have placed these samples in the 
muscovite-poor group of gneisses because of their low muscovite-biotite ratios and their 
lack of significant yellow-weathering commonly found in the muscovite-poor gneiss. 

A general conclusion can be taken from Figure 17; that is, the relative amount of 
muscovite in the gneisses is controlled by the A' value, which increases with decreasing 
CaO content at a given F'/K' ratio. If the muscovite rich gneisses experienced some type 
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of pre-metamorphic alteration that removed CaO from the rocks, this may explain the 
correlation of these gneisses with low CaO contents relative to the muscovite-poor 
gneisses. 

Probable alteration processes that could have affected the muscovite-rich and 
microcline-rich gneisses include sub-aerial weathering and hydrothermal alteration. 
Weathering of plagioclase would result in a decrease in CaO, which is observed in the 
muscovite-rich gneisses. Reactions between hydrothermal fluids and the gneisses could 
have similar effects to weathering and may also explain the high Si02 and varied alkali 
content of these rocks. Infiltration of seawater through fractures in the rock could lead to 
low-temperature hydrothermal alteration. Alternatively, high-temperature hydrothermal 
fluids derived from late-stage separation of water-rich fluids from an evolved magma 
could interact with the rocks and alter their compositions. The latter process is associated 
with porphyry copper and tin deposits in granitic intrusions, and its effects on the host 
rocks are well known. 

Major-element changes during hydrothermal seawater alteration of felsic rocks 
mainly involve K, Na, Ca, and Mg. Ca may be removed from the rock in exchange for 
Mg from the seawater (Schumacher, 1983). Because the CaO and MgO contents offelsic 
rocks are generally low, identification of rocks that have experienced hydrothermal sea
water alteration may be difficult. In Figure 18 A the muscovite/biotite ratio is plotted 
against the Ca/Mg ratio for all of the analyzed felsic gneisses from the Pelham dome. 
Direct exchange of Ca for Mg between the protoliths of the gneisses and circulating 
hydrothermal sea-water fluids would decrease the Ca/Mg ratio of these rocks and would 
most likely be limited by the amount of CaO in the rocks. This process may be one way 
through which the muscovite-rich gneisses attained their compositions. While the 
muscovite-rich gneisses do generally contain low Ca/Mg ratios, four samples from this 
group have Ca-Mg ratios between 2.5 and 6.2. Also, the muscovite/biotite ratio within 
the muscovite-rich gneisses does not increase uniformly with decreasing Ca/Mg ratio. 
The absolute concentrations of CaO and MgO in the muscovite-rich gneisses are 
generally low, and the amount ofMgO in the rocks does not increase with decreasing 
CaO. These observations suggest that Ca-Mg exchange during hydrothermal seawater 
alteration was probably not a significant alteration mechanism for these rocks. 

Figure 18B (after Schumacher, 1983) depicts the effects that sub-aerial weathering 
of plagioclase would have on the compositions of the gneisses. Although plagioclase 
weathering is not apparent in these rocks; its effects would be masked by subsequent 
metamorphic recrystallization. Weathering plagioclase would remove Na and Ca from 
the rock, while Al would probably be retained in the clay-mineral weathering products. 
Clay minerals may or may not contain K as an interlayer cation, and for this reason, K is 
included with Al in the denominator of the graphing parameters in Figure 18B. 
Depending on the composition of the plagioclase, different amounts of Na relative to Ca 
would be removed by weathering. Plagioclase weathering would move compositions 
from the line An

100
-Ab

100
, the plagioclase line, along a path perpendicular to this line 

toward lower Ca-ratio and Na-ratio values from the original plagioclase composition. 
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Compositions containing normative corundum plot below the plagioclase line, 
while compositions containing normative diopside plot above it. The majority of the 
gneisses have peraluminous compositions and plot close to the plagioclase line. The 
muscovite-rich gneisses generally plot at lower Ca-ratio values than the muscovite-poor 
gneisses, in accordance with their lower CaO content. Highly peraluminous samples 
(samples 1,3,6, 7,8, 10, 11, 14, 17, 18, 19,20,21)formaclusterthatiswellbelowthe 
plagioclase line. These gneisses may have experienced plagioclase weathering. The four 
microcline-rich gneisses contain between 5% and 6% ~O, which is significantly higher 

than the other gneisses. The positions of the microcline-rich gneisses are mainly 
controlled by their ~O contents, and may not indicate plagioclase weathering. 

Sub-aerial weathering of the gneisses, while definitely a possibility, is limited by 
the intrusive nature of the Fourmile Gneiss protolith. Volcanic rocks are more 
susceptible to weathering processes than intrusive rocks because they are exposed to the 
atmosphere. Thus, while weathering may have significantly altered the compositions of 
gneisses from the Ammonoosuc Volcanics, it is probably not the primary alteration 
process to affect the Fourmile Gneiss. Additionally, weathering processes do not 
adequately explain the high Si02 contents of the felsic gneisses. 

The effects of high-temperature hydrothermal alteration on the compositions of 
granitic rocks mainly involve changes in Na20, K20, and Si02 in the rocks (Guilbert and 
Park, 1986). These changes result from hydrolysis reactions between the hydrothermal 
fluid and the host rock, such as the production of muscovite (sericite) from K-feldspar: 

3KA1Si30 8 + 2H+ (aq) ~ KA1Si30 10(0H)2 + 6Si02 + 2K+ (aq) 

or paragonite from albite: 

3NaA1Si30 8 + 2H+ (aq) ~ NaA1Si30 10(0H)2 + 6Si02 + 2Na+ (aq). 

At lower temperatures, hydrolysis reactions produce argillic alteration assemblages, in 
which micas are altered to clay minerals, K+ and Na+ are stripped from the rock, and Si02 

remains in the clay mineral product. Thus, hydrolysis reactions during high-temperature 
hydrothermal alteration may explain the scatter ofK20 and Na20 observed primarily in 
the muscovite-rich gneiss as well as provide a mechanism by which the Si02 content of 
the rock increases relative to other oxides. 

Propylitic hydrothermal alteration, in which plagioclase is typically replaced by 
epidote, chlorite and carbonates, will affect the calcium content of the host rock. This 
type of alteration is associated with hydrothermal copper porphyry deposits in granitic 
rocks in the western United States (Guilbert and Park, 1986), and may explain the low 
CaO in the altered muscovite-rich gneisses. 

It is apparent that many of the muscovite-rich and microcline-rich gneisses have 
altered major-element compositions characterized by a wide spread in concentrations of 
the alkalis, low CaO, and very high Si02 contents. The processes responsible for the 
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alteration are not entirely clear, but its effect on the compositions of the gneisses can be 
explained through sub-aerial weathering or high-temperature hydrothermal alteration. 
Considering the limits of weathering processes on an intrusive rock, hydrothermal 
processes are probably more reasonable. 

Possible sources for the hydrothermal fluids include late-stage water-rich fluids 
that may have separated from a magma source proximal to the F ourmile Gneiss and 
subsequently infiltrated it. One such magma source may be the abundant Acadian and 
older pegmatites observed throughout the Pelham dome. These pegmatites are of several 
generations, some deformed within the F ourmile Gneiss to form concordant sills, and 
some cross cutting the gneisses. 

Tectonic Classification 

The AFM diagram in Figure 8 displays the strong calc-alkaline trend of the 
gneisses in the Fourmile Gneiss. This trend is characteristic of igneous rocks formed at 
destructive plate margins. Pearce et al (1984), developed tectonic discrimination 
diagrams for granitic rocks using Rb, Y, and Nb, and described selected trace element 
signatures of granitic rocks from various tectonic settings. Figure 19A shows the 
compositions of three granitic suites produced at active continental margins where 
melting resulted from subduction of oceanic crust. These have been termed volcanic arc 
granites (V AG) The trace-element contents of these suites are normalized to a 
hypothetical ocean ridge granite composition, which is the calculated product of75% 
fractional crystallization of a plagioclase-olivine-clinopyroxene-magnetite assemblage 
from average N-type MORB liquid (see Pearce et al, 1984, Table 3 for normalizing 
values). The VAG patterns typically are enriched relative to ocean ridge granite in the 
most incompatible elements, specifically in KzO, Rb, Ba, and Th; they display negative 

Nb anomalies, and they are very depleted in Y and Yb relative to ocean ridge granite. 

Trace-element patterns for the muscovite-rich and microcline-rich gneisses are 
shown in Figure 19B. The four microcline-rich gneisses have the largest enrichment of 
KzO, Rb, Ba, and Th, although the muscovite-rich gneisses are also enriched in these 

elements relative to ocean ridge granite. The gneisses in Figure 19B show significant 
variation in the degree of~O, Rb, Ba, and Th enrichment; however, the patterns are 

similar from sample to sample. Most of the muscovite-rich gneisses display negative Ba 
anomalies that are also seen in the volcanic arc granite pattern from the Chile suite of 
Pearce et al (1984). The gneisses have a strong negative Nb anomaly, and are depleted in 
Nb relative to ocean ridge granite. As in the three volcanic arc granite suites, the gneisses 
are depleted in Hf, Zr, Sm, Y, and Yb relative to ocean ridge granite, and they have very 
low Y and Yb contents. The gneisses have patterns most similar to the Chile suite of 
Pearce et al (1984), although they are slightly more depleted in Th, Nb, Ce, Hf, Zr, and 
Sm. 
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Figure 19. Fourmile Gneiss trace element patterns normalized to Ocean Ridge Granite. After 
Pearce et al., 1984. Figure 19A shows patterns of three granitic suites from volcanic arc settings. 
Figure l 9B shows patterns of all muscovite-rich and microcline-rich gneisses (n=2 l ). Figure 19C 
shows patterns of 15 muscovite-poor gneisses with significant negative Nb, positive Ce, and 
negative Zr anomalies. Figure 19D shows patterns of 7 muscovite-poor gneisses with negligable 
Nb anomalies, negative Ce anomalies or no Ce anomalies, and positive Zr anomalies. Figure 19E 
shows patterns of the tailrace gneiss (n=4). Figure 19F shows patterns of the two northern gneisses 
with complete data for these elements. 
Continued next page 
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Fifteen of twenty-two muscovite-poor gneisses with trace element patterns and 
enrichment levels that overlap the patterns of the muscovite-rich gneisses are shown in 
Figure 19C. Fourteen of these gneisses are enriched in ~O, Rb, Ba, and Th relative to 

ocean ridge granite, and thirteen of these contain negative Ba anomalies. Sample 24 is 
included with these fifteen muscovite-poor gneisses although it is depleted in ~ 0 
relative to ocean ridge granite and shows only minor enrichment of Rb and Ba. This 
sample is unique in the gneisses from the muscovite-poor gneiss because it contains 
cummingtonite. The pattern of these fifteen gneisses from Th to Yb are distinguished by 
strong negative Nb anomalies, positive Ce anomalies, and strong depletion of Yb relative 
to ocean ridge granite. These gneisses are most similar to the Chile volcanic arc granite 
suite of Pearce et al. (1984). 

Seven of twenty-two muscovite-poor gneisses with trace element patterns 
somewhat different from the muscovite-poor gneisses in Figure 19C are shown in Figure 
19D. Four of these gneisses are enriched in ~O, Rb, Ba, and Th by a factor of3- to 20-

times ocean ridge granite; this range is typical for the muscovite-poor gneisses in figure 
19C. Three of the gneisses in Figure 19D have significantly lower concentrations of Ba 
and Th, and are only slightly enriched in these elements relative to ocean ridge granite. 
The seven gneisses in Figure 19D have Nb and Hf contents similar to the other 
muscovite-poor gneisses, but they contain significantly less Ce, Sm, Y, and Yb than these 
gneisses. 

Figure 19E shows the trace element pattern for the tailrace gneiss and two 
samples from the northern gneiss. The patterns for these gneisses are very similar to the 
muscovite-poor gneiss and the muscovite-rich gneiss, and can be interpreted as volcanic 
arc granites similar to the Chile suite of Pearce et al (1984). They are enriched in ~O, 

Rb, Ba, and Th relative to ocean ridge granite, however they lack the negative Ba 
anomaly seen in the muscovite-rich gneiss and the muscovite-poor gneiss. The gneisses 
in Figure l 9E have negative Nb anomalies and positive Ce anomalies and are strongly 
depleted in Yb relative to ocean ridge granite. 

From their observations of trace elements in granitic rocks from various tectonic 
settings, Pearce et al (1984) recognized that Rb, Y, and Yb effectively discriminated 
between the different granitic bodies. Figures 20A and 20B are tectonic discrimination 
diagrams for granitic rocks based on Nb, Y, Rb, and (Y+Nb). Of these elements, Rb is 
the most susceptible to changes during weathering and hydrothermal alteration. Sericitic 
alteration of K-feldspar resulting in growth of secondary micas would enrich the sample 
in Rb, and alteration of micas resulting in chloritization would deplete the sample in Rb 
(Pearce et al, 1984). The Fourmile Gneiss analyses fall almost exclusively in the volcanic 
arc granite+ syn-collision granite field in Figure 20A. In Figure 20B, the Fourmile 
Gneiss samples are clearly within the volcanic arc granite field, and they are 
distinguished from syn-collision granites by their lower Rb contents. In both of these 
figures, the different gneiss groups show considerable overlap. 
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Figure 20. Nb, Rb, Y tectonic discrimination diagrams of the Fourmile Gneiss. After Pearce et al., 
1984. Fields of tectonic settings of granitic rocks are as follows: WPG is within plate granite, 
syn-COLG is syn-collision granite, ORG is ocean ridge granite, V AG is volcanic arc granite. 
Symbols are as follows: muscovite-rich gneiss are open triangles, microcline-rich gneiss are filled 
triangles, muscovite-poor gneiss are open squares, tailrace gneiss (Hodgkins, 1985) are filled 
squares, and northern gneiss are open diamonds. 
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CHAPTER4 

COMPARATIVE PETROLOGY AND GEOCHEMISTRY 

Introduction 

Gneisses in the cores of the Bronson Hill anticlinorium gneiss domes comprise 
the metamorphosed intrusive root-zone of the Bronson Hill magmatic arc, and therefore, 
their compositions should reflect the tectonic setting of the arc. The dome gneisses are a 
series of plutons that vary in composition from the northern part to the southern part of 
the Bronson Hill anticlinorium, but consistently have compositions similar to magmas 
formed in an arc-related setting. The compositions of the dome gneisses reflect the 
source compositions and differentiation processes of the magmas which formed the 
protoliths of the gneisses, as well as the effects of subsequent alteration, metamorphism, 
and/or weathering. 

Hollocher (1992, NEGSA abstract, and personal communications) distinguished 
the gneisses in the Bronson Hill anticlinorium based on major-and-trace-element 
composition and on their location along the Bronson Hill anticlinorium. Figure 21 shows 
Hollocher's division of the Bronson Hill anticlinorium into northern and southern domes. 
The first part of this chapter compares major-element compositions of the gneisses along 
the Bronson Hill anticlinorium. These gneisses range from mostly granitic compositions 
in the northern domes, to granodioritic and tonalitic compositions in the southern domes. 
This cursory geochemical comparison is followed with a closer comparison of two units 
from the southern part of the Bronson Hill anticlinorium: the F ourmile Gneiss and the 
neighboring Monson Gneiss to the east. The chapter concludes with an interpretation of 
the tectonic setting of the arc based on the Fourmile Gneiss and Monson Gneiss 
compositions, the major-element compositions of the northern and southern dome 
gneisses and on the compositions of volcanics in the overlying Ammonoosuc Volcanics 
and Partridge Formation. 

Leo (1991) distinguished the gneisses that are exposed in the cores of the northern 
domes from those in the domes of northern Massachusetts and further south along the 
Bronson Hill anticlinorium based on their composition, mineralogy and lithology. He 
included the gneisses identified in this chapter as northern dome gneisses in the Oliverian 
magma series, and he cited three gneisses (Monson Gneiss, Swanzey Gneiss and 
Fourmile Gneiss) identified in this chapter as southern dome gneisses, as stratigraphically 
similar to- but compositionally and texturally different than- the Oliverian magma series. 
Leo's distinction was based largely on an interpretation that the Monson, Swanzey, and 
Fourmile Gneisses were volcanic in origin and on the compositional differences between 
these gneisses and the northern dome gneisses, as well as contact relationships observed 
in the field. 
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Figure 21. Generalized map of the Bronson Hill anticlinorium gneiss domes. Modified from Hollocher, 
personal communication, 1996. The heavy dotted line separates northern and southern domes. 
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Current interpretations of the Monson and Fourmile Gneisses call on an intrusive 
origin for these rocks and place them within the Oliverian magma series (Robinson and 
Tucker, 1993, Hollocher, 1993). These interpretations are based on field relationships, 
texture, stratigraphic position, and composition of the gneisses. Leo's observations of 
differences in gross composition between the Monson, F ourmile and Swanzey Gneisses 
and the northern dome gneisses can be explained as results of different source 
compositions along the length of the Taconic arc, and they do not preclude associating 
the southern dome gneisses with the Oliverian magma series. 

Northern Dome Gneisses 

The gneisses from the northern part of the Bronson Hill anticlinorium included in 
this chapter are felsic to intermediate composition gneisses from the following domes and 
plutons: Baker Pond, Croydon, Jefferson, Landaff, Lebanon, Mascoma, Moody Ledge, 
Owls Head, Smarts Mountain, and Sugar Hill (Figure 21 ). Gneisses from the northern 
part of the Bronson Hill anticlinorium are dominated by granitic compositions. 
Classification of these gneisses based on the relative amounts of normative quartz, alkali 
feldspar, and plagioclase, is shown in the modified Streckeissen diagram in Figure 22. 
This figure plots mean compositions of the gneisses, distinguishing the felsic and 
intermediate compositions within each unit. The northern domes form a tight cluster in 
the lower-right portion of the granite field. With the exception of gneisses from the 
Smarts Mountain dome, all of the felsic gneisses from the northern part of the Bronson 
Hill anticlinorium can be classified as granites based on their normative mineralogies. 
Intermediate gneisses from the northern domes (Jefferson, Landaff, and Lebanon domes) 
plot below the 20% quartz field, and they are better described as quartz monzodiorite. 

Southern Dome Gneisses 

The gneisses from the southern part of the Bronson Hill anticlinorium included in 
this chapter are felsic to intermediate composition gneisses from the following domes: 
Pelham, Monson, Keene, Warwick, Killingworth, and Glastonbury (Figure 21). The 
southern dome gneisses are dominantly granodioritic to tonalitic compositions, with few 
granitic compositions. Classification of these gneisses based on the relative amounts of 
normative quartz, alkali feldspar, and plagioclase, is shown in Figure 22. The southern 
domes occupy the granodiorite and tonalite fields, with the exception of the Warwick 
dome, which plots in the granite field very close to the granodiorite boundary. 

Because this figure plots average compositions, detail of individual compositions 
is lost. For example, the Fourmile Gneiss contains four granite compositions (Figure 2B, 
Chapter 2), which were included in the average Fourmile Gneiss composition plotted in 
Figure 22 but are not apparent in the figure, which shows the Fourmile Gneiss in the 
granodiorite field. Nonetheless, Figure 22 is representative of the different gneisses in 
general; considering that 52 of the 56 Fourmile Gneiss samples have granodiorite to 
tonalite compositions, the designation in Figure 22 is appropriate. 
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Figure 22. Nonnative mineralogy of northern and southern dome gneisses plotted on a Streckeisen 
diagram. Northern dome gneisses are filled triangles in stippled field. Southern dome gneisses are open 
symbols in the ruled field. 
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Comparison of the Northern and Southern Dome Gneisses 

As products of magmatic activity along the Taconic arc, the protoliths of the 
dome gneisses were calc-alkaline, I-type granitic plutons. Average compositions of the 
dome gneisses are plotted in the AFM diagram in Figure 23. With the exception of 
intermediate gneisses from the Landaff Pluton, the dome gneisses are consistently calc
alkaline. The northern and southern dome gneisses generally overlap, with the northern 
domes plotting closest to the alkali comer. Intermediate gneisses from the Landaff 
Pluton plot on the tholeiitic/calc-alkaline boundary, but the felsic gneisses in this unit plot 
very close to the alkali comer of the diagram, well within the calc-alkaline field. The 
range of compositions in the F ourmile Gneiss encompasses all of the southern domes in 
Figure 23. Interestingly, the Fourmile Gneiss felsic gneisses plot within a tight cluster of 
northern dome gneisses that includes felsic gneisses from the Lebanon, Owls Head, Sugar 
Hill, and Jefferson domes. More-granitic northern dome gneisses plot closer to the alkali 
comer, beyond the Fourmile Gneiss. 

I-type compositions of the protoliths have generally persisted in the dome 
gneisses; however, some of the felsic gneisses from the southern domes have been altered 
and now have S-type compositions based on their NCtzO and ~O content and on their 

ASI values. In Figure 24 (Chappell and White, 1984), the distinction ofl-type versus S
type compositions for the dome gneisses is clear, with most of the gneisses plotting in the 
I-type field. Microcline-rich gneisses from the Fourmile Gneiss have granitic 
compositions, with K20 ranging from 5 to 6 %, and these gneisses plot in the S-type 
field. Additionally, several gneisses from the Killingworth and Glastonbury domes plot 
in the S-type field. Gneisses from the Monson dome plot entirely within the I-type field, 
and these gneisses contain less than 2% K20. A few of the gneisses from the Jefferson 
and Mascoma domes plot in the S-type field; however, like the southern dome gneisses, 
most of the northern dome gneisses plot in the I-type field. Figure 24 also shows that 
gneisses from the northern domes contain more K20 than gneisses from the southern 
domes, with some overlap of the two groups. This is consistent with their granitic 
classification. 

The dome gneisses have metaluminous to peraluminous compositions, which can 
be generally classified as I-type (Figure 25). Most of the northern dome gneisses have 
metaluminous, I-type compositions consistent with calc-alkaline magmas. High alkali 
content of the northern dome gneisses lowers the ASI, which is generally below 1. The 
southern dome gneisses, by contrast with the northern dome gneisses, commonly have 
higher ASI values at similar Si02 contents. A large proportion of the felsic southern 
dome gneisses have ASI values between 1 and 1.1, classifying them as peraluminous I
type compositions. Many of the southern dome gneisses have S-type compositions based 
on their ASL Higher ASI values in the southern dome gneisses result from their lower 
alkali content and the low CaO content in the muscovite-rich F ourmile gneisses, as well 
as somewhat elevated Al20 3 compared to the northern dome gneisses. The S-type 
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Figure 23. AFM diagram for average compositions of northern and southern dome gneisses. The northern 
dome gneisses are filled symbols in the stippled field, and the southern dome gneisses are open symbols in 
the ruled field. The Founnile Gneiss is shown as three squares, representing felsic (muscovite-rich, 
microcline-rich, and muscovite-poor gneisses), intennediate (Tailrace gneiss and northern gneiss) and 
mafic (amphibolites) rocks. Tholeiitic versus calc-alkaline line from Irvine and Baragar ( 1971 ). 
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Figure 24. K20 versus Na20 tectonic discrimination diagram for the northern and 
southern dome gneisses. After Chappell and White, 1984. Northern dome gneisses 
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compositions of these gneisses probably resulted from pre-metamorphic alteration 
processes. 

Finally, the dome gneisses can be distinguished based on Ba and total alkali 
contents (Figure 26). Most of the southern dome gneisses have lower alkali contents than 
the northern dome gneisses. This distinction is largely due to higher K20 in the granitic 
northern dome gneisses. Allowing for some overlap, the southern dome gneisses 
generally have total alkali content between 4% and 7%. The felsic northern dome 
gneisses generally have over 8% total alkali content and cluster between 8% and 9%. 

Ba contents in the northern dome gneisses are generally higher than those in the 
southern domes. Figure 26 shows that the southern dome gneisses cluster at or below 
1000 ppm Ba, while the northern dome gneisses range from about 500 ppm to over 3000 
ppm Ba. Several gneisses from the Glastonbury and Killingworth domes have Ba 
contents that overlap with the northern dome gneisses; however, most of the southern 
dome gneisses have lower Ba contents. 

The Fourmile and Monson Gneisses 

Trace-element compositions of amphibolites and gneisses from the F ourmile and 
Monson Gneisses are characteristic of rocks formed in a volcanic arc setting, and they are 
similar to compositions of the overlying volcanics. The Monson Gneiss amphibolites 
were grouped into three types by Hollocher (personal communication, 1994) based on 
their Nb, Ti, and V contents. Of these, the low-Nb amphibolites are most-similar to 
amphibolites in the Fourmile Gneiss. Felsic and intermediate gneisses from the Monson 
Gneiss are distinguished by their Sr content (Hollocher, personal communication, 1994). 
The trace element composition of the Fourmile Gneiss most-closely resembles the low-Sr 
Monson Gneiss and is very similar to felsic gneisses from the Partridge Formation. 

Trace Element Patterns of the Amphibolites 

MORE-normalized trace element patterns of the Monson amphibolites differ 
between each grouping, low-Nb, middle-Nb-low V/Ti, and high-Nb. Patterns of basalts 
from volcanic arc environments are provided in Figure 27 A for comparison with the 
Monson Gneiss amphibolites. The amphibolite patterns are provided in Figure 27B, C, 
and D, along with an average composition of six Fourmile Gneiss amphibolites with 
basalt compositions. 

Distinguishing features of the low-Nb amphibolite patterns include: a negative Rb 
anomaly in all but one of the analyses, a wide range of Th contents from about 0.2 to 9 
times MORB, a strong negative Nb anomaly in seven of the ten analyses, positive Ce 
anomalies, positive Sm and corresponding negative Ti anomalies in eight of the analyses, 
and a decreasing trend from Yb to Cr in nine of the analyses. The range oflow-Nb 
amphibolite patterns encompasses that of the average Fourmile Gneiss amphibolite with 
the exception of Sr, which is slightly higher in the Fourmile Gneiss amphibolite. Th in 
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the low-Nb amphibolites is considerably lower than it is in the Fourmile Gneiss 
amphibolites, with four of the analyses being depleted in Th relative to MORB. 

The low-Nb amphibolite trace element pattern resembles the patterns of 
transitional calc-alkaline/tholeiite basalt and high-K calc-alkaline basalt more than the 
island arc tholeiite pattern (Figure 27 A). The concentrations of trace elements are closer 
to the transitional basalt than the high-K calc-alkaline basalt. However, several analyses 
have lower concentrations of the more compatible elements (Zr-Cr) than any of the basalt 
suites in Figure 27 A. Additionally, the negative Rb anomaly and low Th content in 
several of the low-Nb patterns are not observed in the basalt patterns in Figure 27A. 

Trace element patterns of the Monson middle-Nb-low V/Ti amphibolites (Figure 
27C) are not similar to the Fourmile amphibolites, and they do not correspond with any 
of the volcanic arc basalt suites in Figure 27 A. The patterns are characterized by the 
following features: significant negative Rb anomalies, negative Nb anomalies and 
positive Ce anomalies, negative Hf anomalies in three of the eight analyses, and relatively 
straight patterns in the more compatible elements (Ce-Yb). These features contrast with 
the Fourmile amphibolite pattern, which has a positive Rb anomaly and negative Zr and 
Ti anomalies, and lacks a Hf anomaly. The amphibolites in Figure 27C have 
significantly higher Th and Nb contents than the low-Nb amphibolites, and in this respect 
they are similar to the Fourmile amphibolites. Also, the Monson amphibolites in Figure 
27C are generally enriched to only slightly depleted in the more compatible elements (Zr
Yb) relative to MORB whereas the low-Nb and Fourmile amphibolites are strongly 
depleted in these elements. 

Trace element patterns of the Monson high-Nb amphibolites (Figure 27D) 
strongly resemble the High-K calc-alkaline basalt patterns in Figure 27 A; however, the 
Monson amphibolites contain higher concentrations of most of the elements. The 
patterns are characterized by the magnitude of the anomalies, which result from high 
concentrations of several trace elements relative to MORB. Specifically, these 
amphibolites have patterns that are distinguished by: negative Rb anomalies in three of 
the seven analyses, strong enrichment in the incompatible elements (especially K, Rb, Ba, 
and Th), and considerable negative Nb and Ti anomalies and positive Ce anomalies. 
While the high-Nb Monson amphibolites are generally enriched in many of the elements 
relative to the Fourmile amphibolites, the patterns of the two groups are similar. 

Tectonic Discrimination of the Amphibolites 

In contrast to the dominantly tholeiitic amphibolites from the Partridge Formation 
and Ammonoosuc Volcanics (Hollocher, 1993), amphibolites in the Monson and 
Fourmile Gneisses have trace-element compositions that span the tholeiitic/calc-alkaline 
designations. The F ourmile Gneiss amphibolites have trace-element compositions 
similar to calc-alkaline and transitional calc-alkaline/tholeiitic basalts (Figures 11, 12, 
and 27), and they are similar to the low-Nb Monson amphibolites (Figure 27 A). 
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Tectonic classification based on Ti and V content of the Monson and Fourmile 
amphibolites supports their transitional calc-alkaline/tholeiitic nature. In Figure 28 
(Shervais, 1982), fields for oceanic island basalt, MORB, and island arc basalt, are 
established by Ti and V content. Amphibolites from the Fourmile Gneiss and low-Nb 
Monson amphibolites plot in a restricted area along the MORB/IAB boundary line, with 
one F ourmile amphibolite plotting well into the island arc basalt field. The overlap of 
these amphibolites is consistent with their similar trace element patterns. The high-Nb 
Monson amphibolites generally plot in the MORB field, while the middle-Nb-Low V/Ti 
Monson amphibolites plot at higher Ti values and fall in the oceanic island basalt field. 
For comparison, most of the amphibolites from the Arnrnonoosuc Volcanics and 
Partridge Formation plot within the MORB field, reflecting their tholeiitic classification. 

Rare Earth Element Compositions of the Gneisses 

F el sic and intermediate gneisses from the F ourmile Gneiss have LREE-enriched 
chondrite normalized REE patterns. The patterns for the different gneisses are shown in 
Figure 29A through 29D. Generally, the patterns are straight and fractionated through the 
LREE, contain negative Eu anomalies, and are less fractionated from the middle REE 
through the HREE. This pattern is common for calc-alkaline tonalitic to granodioritic 
rocks formed in arc settings (Hess, 1989). The patterns spread apart from the middle 
REE through the HREE, and some of the patterns are concave-up through this region 
(enriched in HREE relative to the middle REE). Some analyses have negative Ce 
anomalies that may have resulted from oxidation of the rocks, which increases the 
mobility of Ce. 

Two types of REE patterns occur in the muscovite-poor gneiss. The first type 
(Figure 29B) is similar to the other felsic and intermediate gneisses as described above. 
Six of the muscovite-poor gneisses, however, have concave-up patterns, in which the 
LREE and the HREE have very similar abundances (Figure 29C). These patterns also 
have distinct positive Eu anomalies of varying magnitude. 

REE patterns of the intermediate gneisses are shown in Figure 29D. These are 
generally very similar to the LREE-enriched felsic gneisses. One gneiss from the tailrace 
gneiss has a positive Eu anomaly. The F ourmile gneisses have REE patterns similar to 
the low-Sr Monson gneisses. Figure 29 E shows the ranges and averages of the high-Sr 
and low-Sr Monson gneisses. The high Sr Monson gneisses are depleted in HREE and 
are strongly LREE enriched with negligible Eu anomalies. The low Sr gneisses, by 
contrast, are generally unfractionated through the middle REE to the HREE, and they are 
LREE enriched with negative Eu anomalies. The REE patterns of the average Fourrnile 
gneiss groups have similar shapes compared to the low-Sr Monson Gneiss, but generally 
have higher abundances (Figure 29F). 
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Trace Element Patterns and Tectonic Classification of the Gneisses 

Trace element patterns offelsic and intermediate gneisses from the Fourmile 
Gneiss and Monson Gneiss are similar to patterns of granitic rocks formed along volcanic 
arcs and to patterns of felsic gneisses in the Partridge Formation. The patterns of the 
Monson Gneiss and Partridge Formation gneisses are shown in Figure 30 along with 
three volcanic arc granite suites (Pearce et al., 1984) and an average composition of fifty 
felsic and intermediate gneisses from the Fourmile Gneiss (Samples 1through50). As 
discussed in the previous chapter, the F ourmile Gneiss trace element patterns are very 
similar to the Chile and Jamaica volcanic arc granite suites (Figure 30A). 

Felsic gneisses from the Partridge Formation are slightly enriched in Hf-Yb 
relative to the average Fourmile Gneiss and to the range of the Fourmile Gneiss (Figure 
30B), but the patterns are similar for the two units. The Partridge Formation samples 
have trace element patterns similar to the Chile volcanic arc granite suite. The gneisses 
are characterized by enrichment in the most incompatible elements (K-Th) and depletion 
in the more compatible elements (Hf-Yb) relative to ocean ridge granite, negative Nb 
anomalies and positive Ce and Sm anomalies, and strong depletion of Yb relative to the 
other elements. 

The Monson Gneiss low-Sr gneisses and High Sr Gneisses have trace element 
patterns similar to the Chile volcanic arc granite suite and abundances similar to the 
Jamaica suite (Figure 30C). Distinguishing features of the low-Sr gneiss patterns include 
slight negative Sm anomalies, which are not found in the volcanic arc granite suites, and 
negative Nb and positive Ce anomalies. The High Sr gneisses are distinguished by 
positive Ce, Sm, and Ba anomalies and negative Nb and Hf anomalies, and by stronger 
depletion of Yb than the volcanic arc granite suites (Figure 30D). The low-Sr and high
Sr gneisses fall within the range ofFourmile Gneiss samples, but they are depleted in 
most of the elements relative to the average F ourmile Gneiss. 

The tectonic discrimination diagrams in Figure 31 plot Nb, Y, Rb, and Y +Nb, 
contents of felsic and intermediate gneisses from F ourmile and Monson Gneisses and 
felsic gneisses from the Partridge Formation (Pearce et al., 1984). The gneisses 
consistently plot in the volcanic arc granite CV AG) field, with very little overlap into the 
within plate granite (WPG) and ocean ridge granite (ORO) fields. The Fourmile Gneiss 
overlaps with the Partridge and low-Sr Monson Gneiss in both of the diagrams. The 
high-Sr Monson Gneiss plots well into the volcanic arc granite field, slightly away from 
the other gneisses. 

Conclusions 

Late Ordovician plagioclase gneisses and hornblende amphibolites of the 
Fourmile Gneiss record a portion ofTaconian magmatism along the Bronson Hill 
magmatic arc, as well subsequent alteration, metamorphism, and structural complications 
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resulting from local and regional tectonic stresses. This study described the petrography 
and geochemistry of the Fourmile Gneiss and addressed questions regarding the 
composition of the unit and the distribution of its members. It examined compositional 
similarities between the Fourmile Gneiss and related dome gneisses, and it compared the 
intrusive dome gneisses with associated volcanics in the Partridge Formation and 
Ammonoosuc Volcanics. The following conclusions are offered. 

1. The F ourmile Gneiss is a heterogeneous body of metamorphosed intrusive 
rocks that can be described based on mineralogy, composition, and weathering 
characteristics. Gneisses from the central and southern parts of the Pelham dome include 
the muscovite-rich gneiss and microcline-rich gneiss in the lower part of the unit, and the 
muscovite-poor gneiss in the upper part. These felsic gneisses are distinguished from 
intermediate to felsic gneisses of the northern gneiss and the tailrace gneiss, which occur 
in the northern part of the Pelham dome. 

2. Pre-metamorphic high-temperature hydrothermal alteration probably affected 
the compositions of felsic gneisses from the muscovite-rich gneiss and the microcline
rich gneiss. The alteration appears to be limited to the major element oxides Na20, K20, 
CaO, and Si02• Hydrothermal fluids were probably late-stage water-rich fluids that 
separated from an evolved melt such as the Fourmile Gneiss magmas themselves, or 
younger melts such as the abundant granitic pegmatites observed in the field area. 

3. The current metamorphic mineralogies of the F ourmile gneisses are consistent 
with their bulk compositions, with lower Ca in the muscovite-rich gneisses, and higher 
Ca in the muscovite-poor gneisses and the intermediate gneisses. The lower Ca content 
of the muscovite-rich gneisses was caused by pre-metamorphic high temperature 
hydrothermal alteration. 

4. Major element and trace element compositions of the gneisses indicate that 
their protoliths were produced along the main part of the Taconic arc. The un-altered 
gneisses have calc-alkaline, metaluminous to peraluminous compositions that generally 
fit I-type granitic classifications. They are LREE-enriched with trace element patterns 
similar to granitic rocks formed in arc-environments, such as Pearce's Chile suite (Pearce 
etal., 1984). 

5. Amphibolites have compositions that are transitional between calc-alkaline and 
tholeiitic. Rare-earth-element-modeling suggests that the amphibolite protoliths were 
derived from partial melting of slightly light-rare-earth-element-enriched mantle 
peridotite followed by low-pressure fractional crystallization of olivine, plagioclase, and 
clinopyroxene. The amphibolites are restricted to the lower part of the unit, and they may 
represent late-stage mafic dikes or sills that intruded the F ourmile Gneiss at the end of the 
magmatic activity. 

6. Trace-element compositions and REE compositions of gneisses from the 
F ourmile Gneiss are very similar to low-Sr Monson Gneisses and to felsic gneisses from 
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the overlying Partridge Formation. This suggests a common setting along the arc for the 
derivation of their protoliths. 

7. Amphibolites from the Fourmile Gneiss and low-Nb amphibolites from the 
Monson Gneiss are transitional between calc-alkaline and tholeiitic types, and they differ 
from the dominantly tholeiitic compositions of amphibolites in the Partridge Formation 
and Ammonoosuc Volcanics. This suggests a similar setting along the arc for the 
F ourmile Gneiss and Monson Gneiss amphibolites, but agrees with previous 
interpretation that the Partridge Formation and Ammonoosuc Volcanics were formed in a 
back-arc environment. 

8. The changing compositions of Oliverian gneisses from northern to southern 
domes may be related to the degree of partial melting and the depth at which the melts 
that formed the protoliths were generated. Magmas that formed the dominantly granitic 
units in the northern domes may have been generated by limited partial melting along a 
shallower portion of the subduction zone, whereas the granodioritic and tonalitic magmas 
of the southern dome gneisses may have been generated by greater degrees of melting 
deeper in the subduction zone. 
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APPENDICES 

APPENDIX 1: Sample Number Synonyms 

Table 13. Sample number synonyms. The following table provides sample numbers as recorded in the 
field, on thin sections and on analytical samples used in this study for each sample number used in the 
tables, figures and text of this document. The sample numbers in the left column are those used in this 
document, and the sample numbers in the right column are the correspinding sample numbers as recorded 
in the field, on thin sections and on analytical samples. 

Sample Name Used in this Field and Analytical Sample Quadrangle Location 
Document Name 

1 Q55 Shutesbury 
2 BS7 Belchertown 
3 BS21 Shutesbury 
4 G54 Windsor Dam 
5 BSl Shutesbury 
6 BB36 Belchertown 
7 BS35 Shutesbury 
8 BQ2 Shutesbury 
9 BS20 Shutesbury 
10 G82 Shutesbury 
11 G83 Shutesbury 
12 BS30 Shutesbury 
13 BS54 Shutesbury 
14 G13 Shutesbury 
15 BS32 Shutesbury 
16 QE92 Windsor Dam 
17 BS37 Shutesbury 
18 BS13 Shutesbury 
19 BS40 Shutesbury 
20 BS39 Shutesbury 
21 BS14 Shutesbury 
22 G23 Shutesbury 
23 Q713 Belchertown 
24 BB44 Belchertown 
25 BS22 Shutesbury 
26 Q712 Belchertown 
27 Q37 Shutesbury 
28 2C5 Shutesbury 
29 BS33 Shutesbury 
30 BS56 Shutesbury 
31 BS24 Shutesbury 
32 G23A Shutesbury 
33 2C3 Shutesbury 
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Table 13. Continued. 

Sample Name Used in this Field and Analytical Sample Quadrangle Location 
Document Name 

34 2C4 Shutesbury 
35 BS34 Shutesbury 
36 BS23 Shutesbury 
37 BS18 Shutesbury 
38 2/23/93 Belchertown 
39 BB47 Belchertown 
40 BS38 Shutesbury 
41 BBlO Windsor Dam 
42 BS25 Shutesbury 
43 QE90A Windsor Dam 
44 TR18+48 Millers Falls 
45 TR18+34 Millers Falls 
46 TR17+00 Millers Falls 
47 TR17+90 Millers Falls 
48 BN41 Northfield 
49 BN42 Northfield 
50 BN57 Northfield 
51 BN58 Northfield 
52 BN59 Northfield 
53 BN60 Northfield 
54 BN61 Northfield 
55 BN62 Northfield 
56 BS6 Belchertown 
57 BS17 Shutesbury 
58 BS55 Shutesbury 
59 QE90B Windsor Dam 
60 BS4 Belchertown 
61 BB46 Belchertown 
62 BB45 Belchertown 
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APPENDIX 2: Detailed Sample Location Maps 

Detailed sample locations for all of the samples collected in this study are shown 
on the following six maps. Refer to Hodgkins (1985) for locations of samples 44, 45, 46 
and 47. The base maps were taken from the following USGS 7 112 minute, 1:24,000 
scale, topographic series maps: Shutesbury Quadrangle, 1950; Belchertown Quadrangle, 
1964; Windsor Dam Quadrangle, 1967; and Northfield Quadrangle, 1961. The 
quadrangle name is provided in the upper left corner for each map. 
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