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PETROLOGY, STRUCTURE, AND GENESIS OF THE
ASBESTOS-BEARING ULTRAMAFIC ROCKS OF THE
BELVIDERE MOUNTAIN AREA IN VERMONT

By A. H. CHIDESTER, A. L. ALBEE, and W. M. Capy

ABSTRACT

The Belvidere Mountain area in north-central Vermont
contains bodies of ultramafic rock which vary widely in size
and petrographic character. The bodies within this small
area show virtually the entire range of characteristics dis-
played within the belt of ultramafic rocks that traverses
central Vermont from Massachusetts to Canada. The ultra-
mafic rocks are emplaced in metamorphosed sedimentary and
voleanic rocks characteristic of eugeosynclinal zones in the
east limb of the Green Mountain anticlinorium. The horn-
blende isograd separates rocks of the greenschist facies in
the southwest corner of the area from those of the epidote-
amphibolite facies to the northwest.

Two sets of folds, their associated structural elements, and
intrusive relations of the ultramafic bodies dominate the
structural features of the area. Folds of an early set are
closed and plastic in style, their form surfaces are bedding,
and they have an associated axial-plane transverse schisto-
sity. Folds of a later set are open and parallel in style and
commonly have an axial-plane slip cleavage. Transverse
schistosity, which in many places is virtually parallel to
bedding, constitutes the form surfaces of the folds. In most
places in northern Vermont, the effects of the early folds
are not apparent in the pattern of map units, but in the
Belvidere Mountain area, both the early and the late folds
strongly affect the pattern.

Contacts of ultramafic bodies are predominantly parallel
to, but locally crosscut the transverse schistosity; they
transect, but locally are controlled by, the earlier folds. The
larger ultramafic bodies are massive in the center and
sheared and schistose near the margins; smaller bodies are
entirely of sheared serpentinite. Layering in the massive
zones is warped by the later folds. Schistose serpentinite is
commonly strongly folded and 1locally has slip cleavage
similar to the slip cleavage associated with later folds in
the adjacent country rock.

The main ultramafic body in the Belvidere Mountain area
is a warped lens 3,400 m (11,000 ft) long and 1,800 m
(6,000 ft) wide and as much as 450 m (1,500 ft) thick. It
is elongate in the direction of dip, which overall is moderate
to the east. The central part is predominantly massive dunite
and peridotite grading outward into massive serpentinite.
Layering is prevalent in both the unaltered and the serpen-
tinized massive rock and reflects color differences which
can commonly be correlated with variations in original con-
tent of olivine, pyroxene, chromite, and magnetite. The cen-
tral massive zone is surrounded by sheared serpentinite.

Chrysotile asbestos occurs sparsely in cross-fiber veins in
the massive dunite and serpentinite and as commercial
concentrations of slip-fiber in much of the highly sheared
serpentinite.

In several places in the main body, dunite and serpentinite
are altered to tale-carbonate rock and carbonate-quartz rock.
Commonly, these zones of alteration are grossly tabular and
transect layered dunite and serpentinite. More highly quartz-
ose rock in the central part of such zones commonly grades
irregularly outward into nonquartzose talc-carbonate rock.
Schist adjacent to these bodies of talcose rock is locally and
irregularly altered to steatite and chlorite rock and com-
monly contains conspicuous segregations of sericite and
albite in the outer parts of the alteration zones. In a few
places, tale-carbonate rock and steatite form small masses
at the margins of the body, adjacent to the contact with
schist. At places, the schist is altered to blackwall chlorite
rock for a few centimeters outward from the contact, and
an irregular thickness of steatite intervemes between tale-
carbonate rock and blackwall chlorite rock. Elsewhere at
the contacts of the main body, serpentinite is separated from
country rock only by a narrow zone of serpentine-chlorite
rock a few centimeters thick and a zone of rodingite a few
centimeters to a few decimeters thick.

Smaller ultramafic bodies contain a central core of ser-
pentinite which is entirely schistose or which has only a
small central massive zone. None of the smaller bodies is
bordered by serpentine-chlorite rock and rodingite. Those em-
placed in schist contain an outer shell of steatite and are
bordered by thin shells of blackwall chlorite rock; those in
amphibolite contain, additionally, tremolite in the outer
margins of the steatite zone or contain only an outer shell
of tremolite bordered by chlorite rock.

The most common theories of origin advocated in recent
years for ultramafic rocks are (1) accumulation by frac-
tional crystallization of a complex magma, and (2) variants
of formation by partial fusion of the upper mantle. Both
categories present serious difficulties in the way of ac-
accounting for field and petrologic relations of alpine-type
ultramafic rocks. More recently, a theory of derivation from
the upper mantle based on the concept of sea-floor spreading
has been applied with remarkable success to alpine-type
ultramafic rocks of the ophiolite suite. Modified to fit the
situation in the Appalachian belt, the concept appears to ex-
plain the geologic relations in the Belvidere Mountain area,
the range of structural and petrologic relations shown by
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2 ASBESTOS-BEARING ULTRAMAFIC ROCKS OF BELVIDERE MOUNTAIN AREA, VERMONT

alpine-type ultramafic rocks, and their distribution patterns
in the Appalachian belt.

On this premise, the geologic and petrologic relations of
the ultramafic rocks in the Belvidere Mountain area lead
to the following account of their geologic history.

At the beginning of the Paleozoic, northwestern Africa
and eastern North America were joined. Mantle upwelling
along a rift beneath the continental crust in the zZone now
occupied by the Appalachian orogen initiated the early
Paleozoic eugeosyncline. Mafic lavas, formed by partial melt-
ing at depth in the upper mantle, erupted into the accumu-
lating eugeosynclinal sediments above the rift. Mechanical
interaction at the boundary between mantle and continental
crust resulted in solid masses of upper mantle rocks being
injected into the crust; resulting thermal changes led to
their partial serpentinization. Uplift in the center of the
eugeosyncline above the rift, and other factors, led to early
folding of the eugeosynclinal rocks and to kneading of the
ultramafic rocks through the wet eugeosynclinal pile, Pro-
gressive serpentinization, alternating with partial dehydra-
tion, occurred in response to periodic movement and shearing
and facilitated tectonic transport of the solidified mass. Em-
placement of the ultramafic rocks at Belvidere Mountain
took place in the Early Ordovician at the end of the early
period of folding, beneath a considerable cover. Minor per-
vasive serpentinization of dunite continued and was accom-
panied by fracture filling to form cross- and slip-fiber chry-
sotile asbestos veins, picrolite veins, and associated other
veins, near the climax of the late period of folding in the
Late Devonian.

Rodingite was formed by the combined effects of thermal
metamorphism, desiccation by the dunite, and the addition
principally of Ca from the dunite. Serpentine-chlorite rock
was formed next by replacement of rodingite during falling
temperatures and as the result of Mg metasomatism.

Tale-carbonate rock, carbonate-quartz rock, steatite, and
rocks of related contact-rock associations were formed dur-
ing regional metamorphism.; CO. metasomatism locally
altered dunite, peridotite, and serpentinite to tale-carbonate
rock and carbonate-quartz rock. The alterations in dunite
and peroditite, which were accompanied by widespread loss
of Mg and Si, led to extensive steatitization and chloritiza-
tion of nearby country rock; alteration of serpentinite to
talc-carbonate rock was essentially isochemical and inde-
pendent of other changes. Contact rocks of the steatite-black-
wall and the tremolite rock-chlorite rock associations were
formed by metamorphic differentiation in systems virtually
closed with respect to the cations.

INTRODUCTION

Ultramafic rocks in the vicinity of Belvidere
Mountain, in north-central Vermont, contain the
largest known reserves of chrysotile asbestos in the
eastern United States. Though production is small
compared with that of the largest producers in
Quebec, these deposits supplied the major portion
of the crysotile asbestos produced in the United
States during the period 1950-60, which included
the period of this investigation.

The Belvidere Mountain area encompasses about
25 km? in the towns (townships) of Eden and

Lowell, Lamoille and Orleans Counties, Vt. (fig. 1;
pl. 1). The dominant topographic feature is Belvi-
dere Mountain, a prominent peak of 1,022 m (3,353
ft) elevation that marks an eastward offset of the
northernmost segment of the Green Mountains.
Total relief in the area is a little less than 700 m
(2,300 ft). The mountain slopes are generally steep;
in several places they consist of a series of nearly
vertical cliffs as much as 30 m (100 ft) high. The
northern and northeastern parts of the area drain
into the Missisquoi River, the southern and south-
western parts into the Lamoille River.

The weather in summer is moderate, and rainfall
is commonly abundant in the early part of the sea-
son. Winters are generally severe; snowfall is nor-
mally high, and temperatures as low as —20° to
—40°F (—29° to —40°C) are not unusual. Most of
the area is heavily timbered. A small proportion
of the southeastern and southwestern parts of the
area is in open pasture and cultivated fields.

The area is accessible from Hyde Park, Vt., by
way of State Route 100 northeastward to Eden
Mills, thence by hard-surfaced secondary road.
Morrisville, the shipping point on the St. Johns-
bury and Lamoille County Railroad, is about 27 km
to the south. North Troy, on the Canadian Pacific
Railroad, is about 30 km to the northeast.

PREVIOUS WORK

Little detailed geologic study had been done in
the Belvidere Mountain area prior to the present
investigation by the U.S. Geological Survey. C. H.
Hitchcock (1861, p. 527) mentioned the occurrence
of asbestos in the vicinity of Belvidere Mountain
and in neighboring areas. Kemp (1901a, b) briefly
described and called attention to the economic pos-
sibilities of the deposits. Marsters (1904) described
the ‘“‘serpentine belt” of Lamoille and Orleans Coun-
ties, which includes the Belvidere Mountain area,
with particular reference to the occurrence and
mode of origin of the asbestos deposits; and in 1905
he published an account of the geology of the Belvi-
dere Mountain area. Bain (1932; 1936; 1942) and
Keith and Bain (1932) described and discussed oc-
currences of ultramafic rocks and asbestos deposits
in the Belvidere Mountain area in general articles
concerned with the mode of origin of serpentine and
of chrysotile asbestos. Bowles (1955, p. 22-23) de-
scribed geologic relations and discussed the com-
mercial aspects of the asbestos deposits. Many of
the Vermont State Geologist Reports (Vermont
State Geologist, 1898-[19477]), v. 3, 4, 6, 7, 8, 12,
18, 17, 19, 20, 22, 23, 24, and 25) contain accounts
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of historical interest concerning exploration, devel-
opment, and mining activities in the Belvidere
Mountain area.

PRESENT INVESTIGATIONS

The geologic investigations carried out by the
Geological Survey in the Belvidere Mountain area
were part of a program of mapping the regional
geology and the asbestos-bearing ultramafic rocks
and their associations from Belvidere Mountain
northward to the Canadian border. The program
was an outgrowth of a similar study in the south-
ward extension of the belt, in which tale deposits
of economic importance are associated with the
ultramafic rocks. (See Chidester and others, 1951;
Chidester and others, 1952a, b; Chidester, 1953;
Cady, 1956 ; Albee, 1957; Chidester, 1962; and Cady
and others, 1962.) The objectives were to determine
the regional and local geologic setting, the struec-
tural controls, the metamorphic relations, and the
mode of origin and geologic history of the asbestos-
bearing ultramafic rocks.

The investigations in the northern belt were car-
ried out during the period 1951-60. W. M. Cady,
project chief, and A. H. Chidester were permanent
members of the project staff throughout the study;
A. L. Albee, from 1951 through 1954; P. L. Weiss
and G. L. Koch served with the project in the sum-
mer of 1951; J. C. Ratté and F. N. Houser in the
summer of 1952; and C. A. Ratté in the summer of
1953. A report on the geology of the northern belt
has been published (Cady and others, 1963), and
topical reports growing out of the investigations
were prepared by Cady (1960, 1967, 1968, 1969).

The investigations in the Belvidere Mountain area
were carried out under especially good conditions
for study. Mining operations in the Lowell quarry
area and in the C-area (vicinity of the C-area
quarry, pl. 1) required stripping of superficial ma-
terial by hydraulic and hand operations, providing
clean exposures of the bedrock surface of the ultra-
mafic rocks, the immediately adjacent country rock,
and the contact zones. Successive observations dur-
ing mining operations allowed us to build a com-
posite picture of successively exposed quarry faces
and levels. Drill-hole data disclosed information on
the distribution of the various rock types to depths
of as much as 360 m (1,200 ft) below the surface.
Magnetometer surveys carried out by the mine staff
provided much useful information on the location
of contacts between ultramafic rocks and country
rock, particularly in alluvium- and drift-covered

areas in the valley of Corez Pond and on the south
slopes of Belvidere Mountain (pl. 1).

Mapping of the Belvidere Mountain area was
carried out at several scales and by various methods
appropriate to the geology, exposure, and access.
Methods included use of planetable, tape/pace/altim-
eter and compass, taped grids, aerial photographs,
and topographic bases. Mapping procedures, credits,
and source data are identified on the figures that
accompany this report. Data from these various
maps were then compiled at a scale of 1:6,000, us-
ing supplemental information from regional map-
ping to fill in some corners of the area.

Mapping of the Belvidere Mountain area was
virtually completed in the period of 1951-53, but
fieldwork continued intermittently through 1960 to
bring maps abreast of stripping and mining op-
erations and to gather information. The final map
compilations are composites representing the opti-
mum conditions of exposure for particular parts of
the area; plates 1 and 3, in particular, do not rep-
resent the condition depicted at any given time.

Figure 2 shows the locations of geologic maps and
diagrams included in the report.
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1 At the time of the investigations, the mine was owned and operated
by the Vermont Asbestos Mines Division of the Ruberoid Company. In
1967, ownership and operation were acquired by the Industrial Products
Division, GAF Corporation. In March 1975, ownership and operation were
acquired by the Vermont Asbestos Group, organized by the mine em-
ployees when imposition of governmental antipollution control measures
resulted in a decision by GAF Corporation to close down the mine.



INTRODUCTION 5

§_ g Figure 8 g Plates 1, 2|
105,000N S 8B g
N
< -
Plate 3 ”
100,Q00N s
i vy
§Flgure 4 Plate 7A
) \
95,000N
N
90,000N

BOIDO FEET

| | |
l |
500 1000 METERS

oO—TO

FIGURE 2.—Index to geologic maps and diagrams of the Belvidere Mountain area, Eden and Lowell, Lamoille and Orleans
Counties, Vt. For each illustration, the area outlined represents the neatline of the illustration indicated. Grid is based
on mine coordinate system. Outline of ultramafic rock bodies is shown.



6 ASBESTOS-BEARING ULTRAMAFIC ROCKS OF BELVIDERE MOUNTAIN AREA, VERMONT

the map pattern and to the structural interpretation
of that complex area, which is largely covered by
surficial deposits.

Throughout the investigation, we benefited from
field conferences and discussions with many col-
leagues. Thomas P. Thayer twice spent several days
with us in the field. Marland P. Billings, Esper S.
Larsen, Jr., John C. Rabbit, Charles A. Anderson‘,
Harold C. Bannerman, George T. Faust, James J.
Norton, Allan B. Griggs, Olaf N. Rove, Walter S.
White, Quentin D. Singewald, Donald E. White, and
James B. Thompson participated at various times
in stimulating field conferences. Clifford Frondel,
Cornelius S. Hurlbut, and David Seaman generous-
ly made available the Harvard collection of minerals
from the Lowell and Eden quarries.

GEOLOGIC SETTING

The Belvidere Mountain area is part of the well-
known belt of ultramafic rocks within the erystalline
rocks of the Appalachian Mountain system; this belt
extends from Alabama to Newfoundland. Known
commercial deposits of chrysotile asbestos, of which
those at Belvidere Mountain are the southernmost,
are limited to the northern part of the belt. The de-
posits in Quebec, a few miles to the north, are among
the largest in the world.

The geologic map of Vermont (Doll and others,
1961) depicts the distribution of ultramafic rocks in
Vermont, their stratigraphic and structural rela-
tions, and their tectonic and metamorphic setting.
A report on the Missisquoi Valley area (Cady and
others, 1963) describes the belt that contains the
Belvidere Mountain area and discusses the local
geologic setting. A study of the geology of north-
central Vermont (W. M. Cady and others, unpub.
data) and a regional tectonic synthesis of north-
western New England and adjacent Quebec (Cady,
1969) describe and discuss in detail the broader
regional features of stratigraphy, structure, meta-
morphism, and tectonic relations. Here, only a brief
summary of the regional relations will be given.

The Belvidere Mountain area is in a broad belt
of eugeosynclinal rocks of Cambrian and Ordovician
age (Cady and others, 1963, p. 7) in the east limb
of the Green Mountain anticlinorium. (See inset,
Tectonic map of Vermont, Doll and others, 1961.)
The predominant regional structural trend is a lit-
tle east of north, and planar elements (slip cleavage,
schistosity, and bedding) are predominantly vertical
or dip steeply east or, less commonly, west; local
departures from these attitudes are principally near

the noses of small folds a few decimeters in ampli-
tude. The regional trend of linear elements (fold
axes, lineations) is premodinantly a little east of
north, and the plunge is gentle to moderate south or
north, parallel to the Green Mountain anticlinorial
axis. Locally, folds of an earlier regime are refolded
by, and have linear elements that trend about at
right angles to, the Green Mountain folds.

In contrast to the rest of the ultramafic belt in
Vermont, structural elements in the viecinity of
Belvidere Mountain and northward to about the
vicinity of Jay Peak deviate conspicuously from the
general regional pattern. Bedding and schistosity
are steep or vertical and trend largely northwest,
east, or northeast, and many of the linear elements
reflect the unusual attitudes of the planar features.
Boundaries between lithologic units in this area
generally parallel the trends of structural elements,
and reflect the pattern of folds of the earlier regime.

The rocks of Vermont may be divided into three
principal metamorphic belts that trend a little east
of north through the State. (See Metamorphic map
of Vermont, inset in Doll and others, 1961. The
metamorphic inset map of Vermont incorrectly
shows rocks west of the Champlain thrust in the
chlorite zone, whereas they are unmetamorphosed.)
A narrow belt in the eastern part of the Champlain
Valley east of the Champlain thrust is entirely with-
in the chlorite zone. A broad central belt is pre-
dominantly in the biotite zone, but several small
areas centered chiefly along anticlinal axes and on
small plutons are in the garnet and staurolite zone.
An eastern belt ranges from the garnet to the silli-

. manite zone in a complex pattern controlled both by

structural features (domes, anticlines, synclines)
and by many small to large masses of plutonic rock.
In the south-central part of the State, Precambrian
rocks exposed chiefly in the core of the Green Moun-
tain anticlinorium and in several domes in the east
limb of the anticlinorium were remetamorphosed
compatibly with the three broad zones outlined
above.

The rocks of the Belvidere Mountain area are en-
tirely within the central metamorphic belt at the
southern end of an isolated small irregularly oval
area, 3 km wide and 13 km long, within which the
rocks are in the garnet zone.

Bodies of ultramafic rock in the Belvidere Moun-
tain area are representative in size and modal com-
position of the entire gamut of ultramafic bodies in
Vermont. Small lenticular masses a few meters wide
and a few tens of meters long are entirely of tale-
carbonate rock and steatite. Somewhat larger
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masses contain a core of serpentinite and surround-
ing shells of tale-carbonate rock and steatite. The
largest masses contain, additionally, a central core
of relatively unserpentinized dunite and periodotite.

ROCKS

The Belvidere Mountain area contains meta-
morphosed sedimentary and voleanic rocks compris-
ing schists, greenstone, and amphibolite of Cam-
brian and Ordovician age, and ultramafic igneous
rocks, chiefly dunite and peridotite, whose origins
date back to the origin of the mantle (Chidester and
Cady, 1972), but which were emplaced in Ordovi-
cian time (Cady, 1969, p. 23-24, 108). The ultra-
mafic igneous rocks are variously and extensively
altered to serpentinite, chrysotile asbestos, amphi-
bole asbestos, talc-carbonate rock, carbonate rock,
tremolite rock, and steatite; the country rock
(schist and amphibolite) adjacent to the ultramafic
rock is variously altered to rodingite (calc-silicate
rock), serpentine-chlorite rock, tremolite rock,
blackwall chlorite rock, and steatite. The alteration
products span a wide range of ages. Serpentiniza-
tion of the ultramafic rocks probably started in the
Cambrian or earlier, prior to the detachment of
these rocks from the upper mantle, and continued
during a long period of tectonic transport, emplace-
ment, and metamorphism ending in the Devonian.
The other alteration products are related to tectonic
and metamorphic events that followed emplacement
and that range from Ordovician to Devonian in age.
The geologic relations of the rocks in the area are
depicted on the map (pl. 1), and isometric fence
diagram (pl. 2).

Chemical and spectrographic analyses of rocks
and minerals from the Belvidere Mountain area are
given in table 1. Representative modes of ultramafic
rocks and contact rocks are tabulated in appropriate
sections of the report.

METAMORPHOSED SEDIMENTARY AND
VOLCANIC ROCKS

The metamorphosed sedimentary and volcanic
rocks in the Belvidere Mountain area belong to the
Hazens Notch, Belvidere Mountain, Ottauquechee,
and Stowe Formations, which range in age from
Cambrian (?) to Ordovician. The Hazens Notch and
Belvidere Mountain Formations are divisions of the
Camels Hump Group (Cady, 1956). The formations
contain a wide variety of rock types, including
greenstone, coarse and fine amphibolite, quartzite,
graphitic and nongraphitic phyllite, quartz-musco-

vite-chlorite schist, and gneiss, which vary widely
in the proportions of essential minerals and in tex-
ture. All the lithologic units are conformable, and
they intergrade by small-scale intertonguing and by
gradual change in mineral composition, both parallel
and normal to the trend of the units. Each forma-
tion and many of the subunits contain several or all
of the rock types in the area, but each is character-
ized by a particular rock type or combination of
rock types.

Variations in thickness of individual map units
are probably attributable in part to tectonic thin-
ning, in part to facies changes. (See units €hg, €hc.,
and €bs, pls. 1, 2, and 3.) The great variation in
outcrop width of some units is due principally to
variations in attitude of the strata.

Most of the sedimentary and volecanic rocks are
distinctly layered, but the layering varies widely in
scale and character. Layers several centimeters or
more thick and of distinctive lithology—such as
greenstone and amphibolite, quartzite, and conglom-
erate—are almost certainly relict beds. Composi-
tional layering within these beds almost always
agrees in attitude with the beds and probably also
is bedding. Small-scale layering in the schist and
gneiss probably reflects original differences in tex-
ture or composition of successive beds or groups of
beds, though considerably modified by metamor-
phism or tectonic action. In a few places small-scale
layering in schist may be entirely of tectonic or
metamorphic origin. Continuous bedding schistosity,
spaced schistosity that locally transects bedding, and
slip cleavage that everywhere transects bedding
(see Chidester, 1962, p. 17) are present through-
out these rocks. In different places, one or another
is the dominant foliation. Pertinent details of these
features are described and discussed for each map
unit and in the section ‘“Minor structural features.”

HAZENS NOTCH FORMATION

The Hazens Notch Formation (€h, pl. 1) (Cady
and others, 1963, p. 11-13) contains graphitic and
nongraphitic quartz-muscovite-chlorite-albite schist,
highly albitic quartz-albite-muscovite-chlorite gneiss,
and thin beds of actinolitic greenstone and amphi-
bolite. The different rock types intergrade and are
intricately interbedded. Units predominantly of
graphitic schist (€hc,, €hc,), nongraphitic schist
(€hs), or albitic gneiss (€hg) are distinguished on
the geologic map. Each unit contains subordinate
amounts of some or all of the other rock types. In
the extreme northwestern part of the map area,
where exposure is poor and few observations were
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made, differentiation of such units in the Hazens
Notch is not feasible.

The several units of the Hazens Notch crop out
in rather narrow, generally parallel bands, which
curve in an arcuate pattern, concave to the south-
east, from the southwestern part of the area to the
northeastern part. This generally simple pattern is
complicated in the southwestern and northeastern
parts of the area by several synclines and anticlines,
which repeat some of the units and produce an in-
tricate outcrop pattern. Probably less than 1,200
m (4,000 ft) of the upper Hazens Notch Forma-
tion occurs within the map area. Individual units
that have been distinguished in plate 1 range in
thickness from 0 to about 300 m (1,000 ft) and
average probably about 60-120 m (200-400 ft)
thick.

Each of the rock types varies rather widely in
modal composition, principally in the relative pro-
portions of essential constituents such as quartz,
albite, sericite, chlorite, and graphite. Further vari-
ation is indicated by the local and relatively rare
presence of garnet and biotite. Variations in the
content of epidote and amphibole are due mainly to
transitional relations between the schist and the
greenstone and amphibolite.

GRAPHITIC AND NONGRAPHITIC SCHIST

The schist (€hc,, €hc,, €hs, €h) ranges in color
on fresh surfaces from medium greenish gray and
grayish olive green in nongraphitic types, to medium
to dark gray in graphitic types; on weathered sur-
faces graphitic schist is commonly rust stained by
the weathering of pyrite. Fine layering, produced
by alternation of quartzose and micaceous layers—
and also by variations in the content of graphite in
the graphitic schist—is common but can rarely be
traced for more than a few centimeters or a few
meters. Most such layering is relict bedding, but lo-
cally, especially in the crests of some folds, a very
irregular layering transverse to bedding has formed
by the concentration of micaceous minerals along
slip cleavage surfaces; in graphitic schist, this fea-
ture is emphasized additionally by similar concen-
trations of graphite. The dominant foliation is gen-
erally slip cleavage, which in highly micaceous varie-
ties of the schist passes into a transecting spaced
schistogity, transverse to bedding and not apparent-
ly related to crinkles. Continuous schistosity is com-
monly apparent in thin section, and locally is the
dominant foliation. In some of the graphitic schist,
the rock breaks along slip-cleavage surfaces in mica-

ceous layers and along bedding-schistosity surfaces
in silty layers.

The schist is composed mainly of quartz, sericite,
and, in graphitic types, graphite. Chlorite is a major
component of most of the nongraphitic schist and is
locally abundant in the graphitic schist. Albite and
biotite are commonly present, in many places as
major constituents. Amphibole and epidote are
present chiefly in zones transitional between schist
and amphibolite. Pyrite is a common minor con-
stituent of the graphitic schist and a rare constitu-
ent of the nongraphitic schist. Garnet is a rare
constituent. The total range in composition is wide,
particularly of the graphitic schist. A chemical
analysis of graphitic schist is given in table 1,
analysis number 19.

ALBITIC GNEISS

The albitic gneiss (€hg) is predominantly grayish
olive green to greenish gray, mottled by abundant
white porphyroblasts of albite. Graphitic interbeds
are dark greenish gray, and mafic interbeds of ac-
tinolitic greenstone are dark yellowish green to
dusky green. The gneiss is characterized by a pro-
nounced and distinctive layering. The layering is
produced by alternation of granoblastic and lepido-
blastic laminae, by various changes in color and
texture between both granoblastic and lepidoblastic
laminae as a result of different mineral content, and
by complex variations among groups of laminae.
The layers are generally uniform for several tens
of meters, and can commonly be traced—where ex-
posure is adequate—for several hundred meters.
The continuity, scale, lithologic relations, and the
general conformity in attitude with that of the map
units indicate that the layering is relict bedding.

The gneiss is composed chiefly of quartz, sericite,
albite, and chlorite. Sphene, epidote, apatite, and
magnetite are fairly persistent accessory minerals;
garnet, biotite, carbonate, zircon, ilmenite, rutile,
graphite, and sulfides are rare accessory minerals.

BELVIDERE MOUNTAIN FORMATION

The Belvidere Mountain Formation, commonly
called Belvidere Mountain Amphibolite (Cady and
others, 1963, p. 15-18), overlies the Hazens Notch
conformably and is gradational with it. On the geo-
logic map of Vermont (Doll and others, 1961), it is
considered an upper member of the Hazens Notch,
but in the context of this report it is treated as a
separate formation. Throughout most of the area,
the formation consists of entirely of amphibolite.
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In the central part of the area, two map units, a
lower one of coarse amphibolite (€bc) and an upper
one of fine amphibolite containing a few thin mica-
ceous beds (€bf), are distinguished. On the upper
southwestern slopes of Belvidere Mountain, a thin
lenticular unit of chlorite-sericite-quartz schist
(€bs) is present between the coarse and the fine
amphibolite. All three units are transitional into one
another, both laterally and vertically. Elsewhere the
formation is entirely fine amphibolite, except in the
southwestern part of the area, where the amphibolite
grades laterally into actinolitic and calcareous
greenstone. The greenstone is not shown separately
on the map, but it lies outside the hornblende iso-
grad, which marks the boundary between the green-
schist and the epidote-amphibolite facies (pl. 1).

The outerop pattern of the amphibolite is intri-
cate and varied. A flat-lying cap of amphibolite at
the top of Belvidere Mountain is an erosional rem-
nant of a facing of amphibolite that once covered
the entire east slope of the mountain (fig. 16b). In
the southwestern, northwestern, and east-central
parts of the map-area, repetition by folding pro-
duces an irregular pattern. In several places, septa
of amphibolite project into or are wholly enclosed
within ultramafic rocks. Facies intertonguing be-
tween calcareous greenstone of the Belvidere Moun-
tain and calcareous graphitic schist of the overlying
Ottauquechee Formation is evident in outcrop in
the southern part of the area and may account for
a small part of the irregular pattern there.

The maximum thickness of the Belvidere Moun-
tain Formation is about 300 m (1,000 ft). Along the
east side of Corez Pond, the total thickness is prob-
ably less than 75 m (250 ft). The schist member is
probably not more than a few meters thick at
maximum.

Amphibolite, greenstone, and schist are all lay-
ered, and the layering appears to be relict bedding.
The layering varies considerably in distinctness and
character from place to place and from one rock
types to another; it is generally best shown on
weathered surfaces. It ranges in size and character
from simple alternation of layers about 5 mm thick,
of different composition and texture, to coarser
layering caused by complex variations of packets
of layers from a few centimeters to half a meter.
Where the rocks are not tightly folded, the layering
can be traced continuously for several hundred
meters; where highly contorted, the layering is com-
monly discontinuous and indistinect. Nearly every-
where, the attitude of the layering conforms with
that of the amphibolite as a whole.

Rocks of the Belvidere Mountain Formation are
generally massive and do not have a conspicuous
continuous schistosity, but the major dimensions
of platy, tabular, or lathlike minerals are common-
ly about parallel to layering; where the proportion
of these minerals is high, a continuous bedding
schistosity is generally distinct. Slip cleavage is
rare, but a transecting spaced schistosity is locally
present in the finer grained rocks, especially in the
noses of folds.

The amphibolite is composed chiefly of horn-
blende, epidote, and albite. Hornblende generally
predominates, but locally epidote does, and in a
few places albite is more abundant than either.
Chlorite is a fairly persistent minor constituent
and is locally a major one in the fine amphibolite.
Biotite is a common but not persistent minor con-
stituent. Garnet is a major constituent of some of
the coarse amphibolite, sparse in much of the coarse,
and rare or absent in the fine. Sericite is rare; it
occurs only in zones transitional into rare beds of
schist or into the adjacent Hazens Notch and
Ottauquechee Formation. Sphene is a persistent
accessory mineral; rarely, it is a major component.
Rutile and ilmenite are less common and less abund-
ant than sphene. Graphite is a distinctive and con-
spicuous accessory mineral of some of the amphi-
bolite; it is more abundant and more widespread in
the vicinity of the eastern contact of the Eden
quarry body. Other accessory minerals are sparsely
and sporadically distributed.

Each of the map units varies considerably in
modal composition, but the range in chemical com-
position of the amphibolite is restricted generally
to about that of basalt (analyses 8, 15, 31-37, table
1). Differences between coarse and fine amphibolite
are no greater than variations within each rock
unit, and some samples of coarse and fine amphi-
bolite match closely in modal and chemical compo-
sition. Differences between fine amphibolite and
greenstone are related to the lower grade of meta-
morphism in the southwestern part of the map area.

COARSE AMPHIBOLITE

The coarse amphibolite (€bc) ranges in color
from dark gray or greenish black in the very coarse
grained rock to medium or dark greenish gray in
medium-grained varieties, and generally contains
relict bedding, which is accentuated on surfaces
etched by differential weathering. The most con-
spicuous bedding is commonly a few centimeters to
half a meter thick. Thick beds consist of groups of
complexly varied packets of fine beds, details of
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which are nearly obliterated by coarse recrystalliza-
tion. Some of the amphibolite contains abundant
rounded coarse grains of greenish-black hornblende
dispersed in a finer greenish-gray matrix, and much
of this facies shows indistinet irregular anasto-
mosing layers of very fine light greenish-gray ma-
terial. These irregular layers are generally about
parallel to the bedding, but are distinctly different
in character, and locally in attitude. They appear to
be tiny sheared zones, possibly largely controlled by
bedding.

The coarse amphibolite has a crude foliation
parallel to bedding as the result of the general sub-
parallel alinement of hornblende crystals. Slip
cleavage is absent, and transverse schistosity rare.

The unsheared rock consists of a mosaic of slight-
ly elongate hornblende crystals having interlocking
sutured boundaries; the crystals range in length
from 1 to 20 mm but are predominantly 5 to 10 mm.
Stubby crystals of epidote, ranging from subequant
anhedral grains about 1-2 mm across to subhedral
laths as much as 3-5 mm long, are distributed prin-
cipally between grains of hornblende but also are
commonly enveloped by single crystals of horn-
blende. Albite forms irregular aggregates of small
grains interstitial to hornblende or to hornblende
and epidote and commonly contains many small in-
clusions of epidote; in places, albite fills tiny frac-
tures in large crystals of garnet. Garnet as large
as 5 mm in diameter is abundant in the lower part
of the coarse amphibolite, decreases in abundance
upward, and is sparse or absent in the upper part.
Sphene is dispersed irregularly through the rock;
in places it surrounds a core of rutile or a shell of
rutile containing a core of ilmenite. Chlorite, or
chlorite and biotite, occur as irregular patches of
diversely oriented flakes that embay and invade
garnet and hornblende. Graphite is concentrated at
the grain boundaries and is most abundant in layers
rich in albite and epidote. Apatite, carbonate, sul-
fides, and magnetite are distributed sparsely and
erratically. The proportion of major and of some
accessory minerals varies from layer to layer; this
variation is well shown in outcrop.

In even the unsheared rock, some of the horn-
blende crystals are bent, slightly fractured, or show
incipient granulation at the margins. All stages exist
between virtually unsheared coarse amphibolite and
highly sheared rock in which relict coarse texture
is only faintly preserved. In the first stage, nearly
all the coarse crystals of hornblende are bent or
fractured, and the margins finely granulated. In the
second stage, irregular, wavy, and branching shear

zones, in which all the minerals are fractured and
granulated, transect the rock. In the final stage, the
rock consists of rounded grains of hornblende and
epidote set in a fine granulated matrix of horn-
blende, epidote, and albite.

MUSCOVITE-QUARTZ-CHLORITE SCHIST

The schist member of the Belvidere Mountain
Formation (€bs) is typically a silvery-green rock
that has a wavy, irregular schistosity. Abundant
spangles of white mica in flakes 1-2 mm across and
sparsely distributed irregular black masses of fine-
grained magnetite 5 to 20 em across are distinctive
features of the rock. In a few places, the rock con-
tains ellipsoidal masses as much as 15 cm long and
8 cm thick composed almost solely of interlocking
blades of actinolite 1-6 ¢m long and 1-5 em wide.

Layering is not a conspicuous feature of the rock;
it reflects subtle variations in units generally a
centimeter or more thick. The attitude of the layer-
ing agrees with that of bedding in adjacent amphi-
bolite. Schistosity is continuous parallel to the layer-
ing (bedding).

The schist varies considerably in modal composi-
tion principally because of transitional relations
with the underlying coarse amphibolite and overly-
ing fine amphibolite. In typical specimens, white
mieca, quartz, chlorite, and albite are the major
minerals, in about that order of abundance. Most
flakes of mica and chlorite are alined parallel, im-
parting a continuous schistosity, but an appreciable
number of them are at a sharp angle to the schis-
tosity. Epidote is a persistent accessory mineral and
is a major component in zones transitional into
amphibolite. Magnetite forms heavy concentrations
of tiny grains in irregular masses of albite, which
appear in hand specimen as black nodules. Ilmenite
and sphene are persistent accessory minerals, and
apatite, tourmaline, carbonate, rutile, biotite, and
garnet occur erratically.

FINE AMPHIBOLITE

The fine amphibolite (€bf) ranges in color from
greenish gray to medium bluish gray and shows
both fine layering and coarse layering. The coarse
layering is formed by complex variations in groups
of fine layers; both are inferred to be relict bedding.
The rock is too fine grained to distinguish individual
minerals with the naked eye and in many places has
a flinty appearance; it breaks readily along bedding
surfaces into slabs as much as several centimeters
thick. Partly graphitic thin zones on the southwest
side of the Lowell quarry body have abundant bio-
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tite and sericite, scant quartz, are rich in albite
rather than hornblende, and contain conspicuous
nodular masses of epidote and hornblende 3 to 15
cm in diameter, sheathed in biotite and sericite (pl.
4E). Many gash veins—short, lenticular fractures
alined en echelon in narrow bands—filled with albite
are exposed along the southwest contact.

The fine amphibolite has a variety of textural re-
lations. One variety consists of a mosaic of inter-
locking grains of hornblende, epidote, and albite,
somewhat elongate parallel to the layering, and 0.1
mm to 0.3 mm in mean diameter; such rock shows
no textural evidence of cataclasis. Another variety
consists of rounded and broken fragments of horn-
blende and epidote 0.1 to 0.3 mm across, many of
which show mortar structure, in a shredded and
granulated matrix of hornblende, epidote, and albite
grains 0.005 mm to 0.05 mm in diameter. A third
variety consists of subhedral and anhedral crystals
of hornblende and epidote 0.05-0.1 mm in diameter
set in a matrix of interlocking grains of hornblende,
epidote, and albite 0.001-0.005 mm in diameter; this
rock shows no textural exidence of cataclasis.

In all the textural varieties, sphene, rutile, and
ilmenite are persistent accessory minerals and are
commonly distributed in runs parallel to bedding.
Graphite occurs both dispersed along grain bound-
aries and concentrated in zones of intense granula-
tion. Apatite, carbonate, magnetite, and sulfide are
common but erratically distributed accessories. Gar-
net is rare or absent.

The calcitic and actinolitic greenstone, into which
the fine amphibolite grades in the southwestern part
of the map area, is composed of chlorite, albite, epi-
dote, actinolite or actinolitic hornblende, and vary-
ing proportions of calcite; sphene is a persistent ac-
cessory, and apatite and sulfides are common. In
other respects, the greenstone is similar to the non-
cataclastic fine amphibolite.

OTTAUQUECHEE FORMATION

In the Belvidere Mountain area, the Ottauquechee
Formation (€o, pl. 1) (Albee, 1957; Cady, 1956;
Cady and others, 1963, p. 19-22; Doll and others,
1961 ; Perry, 1927, p. 161, 1929, p. 27-29) consists of
interbedded graphitic sericite-quartz phyllite and
associated thin beds of dark-gray quartzite, light-
green quartz-sericite-chlorite schist, and light-buff
sericite phyllite. Thin zones of quartz-sericite-chlor-
ite schist occur near the base of the formation, and
lenticular zones of quartz-pebble and quartz-granule
conglomerate are distinctive of the upper part of the
formation. None of the several rock types forms

large enough units or is suitably exposed to be dis-
tinguished individually on the geologic map.

The Ottauquechee is exposed widely over an ir-
regular area in the southern part of the map area
(pl. 1). The main belt extends along the southeast
side of the map area in a band 500-600 m (1,500 to
2,000 ft) wide. A synclinal prong off the main belt
projects northwestward along the southwest flank
of Belvidere Mountain. The present thickness of the
formation is probably only a little less than 500 m
(1,500 ft).

A spaced schistosity, uniformly steep, is distinc-
tive of the schist and phyllite in the Ottauquechee.
Commonly, the spaced schistosity is virtually paral-
lel to relict bedding. In such places, a continuous
schistosity parallel to the spaced schistosity is gen-
erally discernible. Elsewhere, in crests and troughs
of folds where the spaced schistosity transects bed-
ding, the alinement of micaceous minerals between
surfaces of spaced schistosity is disturbed, and the
continuous schistosity is obscured or destroyed.

The schist is characterized by small-scale layering,
consisting of alternate micaceous and quartzose lami-
nae 0.5-2 mm thick, but individual layers can rarely
be traced more than a few centimeters or a few
meters. The quartzite forms distinctive beds that
can be traced across the extent of an outcrop;
small-scale bedding in the quartzite results from
minor variations in texture and in the distribution
of graphite and sericite. Conglomeratic horizons in
the upper part of the Ottauquechee form unmistak-
able beds as much as a few meters thick.

The phyllite ranges in color from light gray or
buff in nongraphitic varieties to medium gray or
black in graphitic types. It varies principally in the
relative proportion of quartz and sericite and in the
presence or absence of graphite. Disseminated fine
graphite and filmy partings of sericite commonly
constitute not more than 1 or 2 percent of the rock.
The conglomeratic horizons differ essentially only in
the presence of coarse detrital fragments. Ilmenite
and sphene are persistent accessory minerals; car-
bonate and sulfides occur locally in small amounts.
The quartzite is medium gray to dark greenish gray
and is composed entirely of quartz. The quartz-seri-
cite-chlorite schist near the base of the Ottauquechee
is like the nongraphitic schist in the Hazens Notch.

STOWE FORMATION

The Stowe Formation (Os, pl. 1) Albee, 1957 ; Ca-
dy, 1956; Cady and others, 1963, p. 22-27) overlies
the Ottauquechee conformably and intergrades with
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it over a distance of a few meters or a few tens of
meters. Within the map-area the Stowe is composed
chiefly of a distinctive grayish-green quartz-sericite-
chlorite schist characterized by many lenses and
lenticles of granular white quartz alined parallel to
the schistosity. (See Cady, 1956; Cady and others,
1963, p. © .) Thin beds of actinolitic greenstone, a
few centim eters to a few meters thick, occur at sev-
eral horizuns in the schist.

The Stowe crops out only in a narrow strip along
the southern half of the east edge of the map-area.
The formation trends about north and dips steeply
east. The contact with the Ottauquechee is offset to
the left a few hundred meters in a couple of places
by folds. The maximum thickness of Stowe exposed
in the area is probably little more than 300 m (1,000
ft).

The schist is commonly not conspicuously layered.
Where present, the layers cannot be traced for more
than a few centimeters or a few meters. The thin
units of greenstone generally are conspicuously lay-
ered parallel to the margins of the units. Spaced
schistosity predominates in the schist. In many
places the spaced schistosity is parallel to the dis-
continuous granoblastic layers; locally, where layers
are preserved in the noses of folds, the schistosity
cuts across the layers. Continuous schistosity is not
prevalent but is locally well preserved in highly seri-
citic beds. Both continuous and spaced schistosity
are locally crinkled and cut by a slip cleavage about
parallel to the axial planes of the crinkles.

The schist is composed chiefly of quartz, sericite,
and chlorite, generally in that order of abundance,
though in places sericite is more abundant than
quartz. Albite is sparse though not uncommon. Bio-
tite is rare. Sphene or rutile, or both, are present
as accessory minerals, and apatite, tourmaline, and
sulfides are not uncommon, though very sparse. The
greenstone is composed of epidote, chlorite, amphi-
bole, and albite. Sphene is a persistent accessory and
is not uncommonly a major component. Carbonate
is a common minor component.

MINERALOGY AND PARAGENESIS

The mineralogy and paragenetic relations of each
of the principal types of metamorphosed sedimen-
tary or volcanic rock—quartzite, schist, gneiss,
greenstone, amphibolite—are generally similar in
their range of variations in all the formations. Some
of the major minerals and many of the accessory
minerals are uniform in optical properties, inferred
composition, and textural relations; some vary only
slightly and erratically. Several others, including

chlorite, biotite, garnet, amphibole, and epidote,
which are critical to the interpretation of the meta-
morphic history, vary in ecomposition, habit, and
proportion according to rock type and grade of
metamorphism.

QUARTZ

Quartz is the sole or principal constituent of
quartzite, of granoblastic layers in the schist and
gneiss, and of the granular quartz lenses character-
istic of the schist in the Stowe Formation. Isolated
grains and small clusters of grains occur sparsely in
micaceous layers of the schist and gneiss. Quartz is
rare in the greenstone and amphibolite, where it is
associated chiefly with beds of schist or forms thin
discontinuous films along stratification surfaces.

Most of the quartz is unstrained, but many grains
show slightly undulose extinction and abnormally bi-
axial interference figures. All the quartz in granular
quartz lenses such as those that characterize the
Stowe is unstrained. In some thin sections of the
Ottauquechee, some grains contain a core of ruti-
lated or of strained quartz, rimmed by overgrowths
of clear unstrained quartz. The overgrowths are
widest at the ends of elongate grains alined parallel
to the layering.

ALBITE

Albite occurs sparsely in granoblastic layers of the
quartzite, schist, and gneiss, as sutured grains identi-
cal with the quartz in habit. It is abundant in the
gneiss as porphyroblasts 0.3 to 3 mm in diameter,
both in the form of subhedral to euhedral single
crystals and as aggregates of sutured grains (glom-
eroporphyroblasts). In the greenstone and amphibo-
lite, albite is sparse to abundant as irregular grains
interstitial to hornblende, chlorite, and epidote, and
it fills gash veins in the amphibolite.

Albite of granoblastic habit in the quartzose schist,
gneiss, and quartzite is mostly clear and untwinned,
but an appreciable part shows polysynthetic twin-
ning. Some of the twinned grains are conspicuously
rimmed by untwinned albite. The schist member of
the Belvidere Mountain Formation contains, in addi-
tion, albite of strikingly different habit: Lenses and
irregular masses as much as 10 mm long, which in
hand specimen appear to be black metallic masses,
are composed of subequant grains of albite about
0.05 mm across, which include as much as 50 per-
cent magnetite in euhedral and subhedral grains
0.001 to 0.003 mm across.

The porphyroblasts of albite in the gneiss are
crowded with inclusions of quartz blebs, tiny grains
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of clinozoisite, flakes of sericite, trains of dustlike
particles of graphite, and other minerals of the
schist. The trains of inclusions extend from margin
to margin of the porphyroblasts. Most of the trains
are straight but are rotated slightly out of orienta-
tion with the layering in the schist. Only rarely is a
slightly sigmoid pattern discernible. In places, the
pattern of inclusions indicates that the porphyro-
blasts have enclosed previously formed ecrinkles in
the schistosity.

Albite in the greenstone and amphibolite is mostly
crowded with abundant inclusions of clinozoisite,
whereas albite in the gash veins in the amphibolite
and in the tiny veins which commonly heal fractures
in garnet is essentially free of clinozoisite.

The optical properties of all the albite are uni-
formly 2V =75°-80°, optic sign (+), and 8~1.732,
indicating a composition near that of pure albite,
NaAlSi,0..

WHITE MICA

White mica is a major constituent of all the schist
and gneiss and is a minor accessory of the quartzite,
greenstone, and amphibolite. Muscovite doubtless
predominates greatly over other white micas in most
of the rocks, but one or more of the minerals parago-
nite, pyrophyllite, margarite, and talc may be pres-
ent and may rarely predominate over muscovite. In
the phyllitic varieties of Ottauquechee, white mica is
commonly almost the sole constituent of the lepido-
blastic layers. In the rest of the schist and gneiss,
white mica generally predominates over chlorite but
locally is subordinate to it. Most of the white mica
is sericitic in habit; only in the schist member of the
Belvidere Mountain Formation is the mica consist-
ently too coarse to be appropriately called sericite.

Flakes and shreds of sericite in schist and gneiss
tend to be alined parallel to bedding, and where
chlorite is also present the two are commonly inter-
grown. Where a transecting spaced schistosity is
prominent, the parallel alinement of sericite flakes
has generally been diminished and locally obliter-
ated. In the tiny shear zones that mark the spaced
schistosity, single flakes of sericite are commonly
alined in the shear zones. Porphyroblasts of albite
disrupt—and where abundant, almost obliterate—
the alinement of sericite.

In greenstone and amphibolite, sericite occurs
principally in zones transitional into schist or gneiss,
where its habit is identical with that of sericite in
the schist or gneiss. A small amount of sericite oc-
curs in altered garnet in amphibolite, less commonly

in altered hornblende. Such sericite is a very fine
massive intermixture with chlorite and biotite.

Most of the white mica has an index of about
B=1.600 and a moderate optic angle. Similar white
mica in similar geologic settings elsewhere in Ver-
mont (Chidester, 1962, p. 50-51) consists wholly of
muscovite.

BIOTITE

Biotite is sparse in the metamorphosed sedimen-
tary and volcanic rocks; it was noted only in the
amphibolite of the Belvidere Mountain Formation
and in the gneiss of the Hazens Notch.

In the amphibolite, biotite is confined to areas of
altered garnet, where the biotite occurs as randomly
oriented fine shreds and flakes intermixed with
chlorite and white mica.

In the gneiss, biotite was seen only near contacts
with ultramafic bodies. The biotite is patehily dis-
tributed and confined largely to lepidoblastic layers.
The flakes of biotite are mostly irregular, but some
are lathlike; all are diversely oriented. The patches
of biotite commonly contain many irregular rem-
nant shreds of white mica that are irregularly in-
vaded by biotite.

All the biotite is moderately pleochroic, from yel-
lowish brown to moderate brown, and has an optic
angle of virtually zero. Little other optical data are
available. Correlation of optical properties with
chemical composition is not reliable, but the color
and moderate pleochroism suggest a relatively mag-
nesian biotite.

CHLORITE

Chlorite is almost ubiquitous in the metamor-
phosed sedimentary and volecanic rocks but varies
widely in abundance and habit. It is a major con-
stituent of all the schist, gneiss, greenstone, and fine
amphibolite, and is generally a minor constituent
of most of the phyllite, quartzite, and coarse
amphibolite.

Chlorite occurs in the schist and gneiss principally
in the lepidoblastic layers, interleaved with sericite;
a large proportion of such chlorite is oriented paral-
lel to the layering, but generally a small proportion
is diversely oriented. In the granoblastic layers, and
in the quartzite, chlorite is sparse and consists chief-
ly of diversely oriented flakes. In garnetiferous
schist, diversely oriented chlorite irregularly invades
much of the garnet; in some schist that contains no
garnet, irregular patches of chlorite consist of di-
versely oriented shreddy flakes.
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The relations of chlorite in the greenstone and
amphibolite are more complex and varied. In the
greenstone, chlorite is a major component, along
with albite; where segregated in layers, the chlorite
shows moderately good dimensional parallelism. In
the fine amphibolite, chlorite is subordinate to horn-
blende, with which it is intermixed, but it is com-
monly a major constituent. Locally, the chlorite em-
bays and invades the hornblende, but in most places
there is no evidence of a replacement relation. Chlo-
rite, commonly intermixed with biotite and sericite,
occurs in the coarse amphibolite almost solely as ag-
gregate pseudomorphs after garnet or as partial re-
placements of it. Less commonly, chlorite may par-
tially replace hornblende.

The optical properties of the chlorite vary ap-
preciably within most of the rock types; they differ
markedly between the metamorphosed voleanic rocks
(greenstone and amphibolite) and the quartzose
schist, gneiss, and quartzite.

In the schist and gneiss, the indices fall generally
in the range 8=1.628-1.634 and pleochroism is mod-
erate to strong in shades of green; the optic sign
varies accordingly from (+) to (—), the sign of
elongation from (—) to (+), and the interference

_colors from abnormal brown to abnormal blue or
purple. Chlorite of index 8=1.629 commonly shows
both abnormal-brown and abnormal-blue interfer-
ence colors, both (—) and (+) sign of elongation,
and both (+) and (—) optic sign. These variations
probably indicate small differences in ratio of
Mg :Fe*2, and possibly small differences in content
of Al. The average chlorite, of about index 8=1.630,
is inferred (see Chidester, 1962, p. 44—46; Albee,
1962, p. 864-866) to have a composition of about

(Mg:ﬁlFe%_zz.?) Al , (Siz.sAle) 0,,(OH)s.

In the amphibolite, and in greenstone beds in the
schist and gneiss, the range of variation is slight:
optic sign (+), elongation (—), 8~1.618, interfer-
ence colors abnormal brown, pleochroism slight to
moderate in light shades of green. On the basis of
these optical properties, the chlorite is deduced to
have approximately the composition

(Mgz.sFe'FzzJ) Al , (Si2.7A11.3) O, (OH) S

AMPHIBOLE

Amphibole, a major constituent of the amphibolite
and a minor to major constituent of much of the
greenstone, is rare in the schist and gneiss except in
narrow zones adjacent to contacts with amphibolite,
where it ranges from a major to a minor constituent.
In the coarse amphibolite, the amphibole forms stub-

by anhedral crystals 5 to 25 mm long. Elsewhere it
occurs as irregular blades, laths, and wispy shreds,
generally less than 1 mm long.

On the basis of optical properties and chemical
analyses, the chemical composition of amphibole ap-
pears to vary significantly both within and among
rock types. The variations seem to correlate with
coarseness of the rock, mineral associations, and
rock type.

The predominant hornblende in the coarse am-
phibolite is represented by an analysis of a mineral
separate (table 1, analysis 23) from coarse amphibo-
lite (table 1, analysis 31) which has the following
optical properties: 2V =70°; optic sign (—) ; extinc-
tion angle, yAc=17°; index, «=1.650; pleochroism,
e=dusky yellow (5Y 6/4), g=dusky yellow green
(5GY 5/2), y=dusky green (5G 3/2). The calcu-
lated mineral formula (table 10) is:

(Nag <Ko 14) —0.05Ca1 50 [ (Mg soFet?; ;sMng 0sNig.o05
C00.00:CU0.004) = +.10 (Fet?, 30Alg :sT10.05Cro.005
SCo.016) —1.20) —5.a7 [Sis a6Po.02Al 521 _s.00

022.00[01.96F0.0.H1 26] -

This formula has a ratio of Mg/Mg+Fe*+2+Mn
=0.63, which compares closely with the ratio of
about 0.62 inferred from optical properties on the
basis of Foslie’s (1945, fig. 1, p. 79) chart for horn-
blende in the epidote-amphibolite facies. Hornblende
of lower index in some of the coarse amphibolite is
inferred to have a ratio of Mg/Mg+ Fet2+Mn of
about 0.76, and possibly a slightly lower content of
Al

Hornblende in the fine amphibolite (y=1.660—
1.668) has a ratio of Mg/Mg+Fe+2+Mn of about
0.67-0.77. A few seemingly aberrant specimens of
higher index, particularly from near the base of the
unit, approach the composition of the hornblende
typical of the coarse amphibolite.

Amphibole in the actinolitic greenstone (y=1.650-
1.652) has a ratio of Mg/Mg+ Fet+2+Mn near 0.8,
and probably a lower content of aluminum and alka-
lies than does the hornblende. It corresponds in
composition to actinolitic hornblende. (See Chides-
ter, 1962, p. 57-58.)

An analyzed sample (analysis 22, table 1) of
coarse amphibole from an ellipsoidal mass of am-
phibole in the schist unit of the Belvidere Mountain
Formation is representative of amphibole of highest
index in the schist and greenstone. The optical prop-
erties are: 2V=80°; optic sign (—); extine-
tion angle, yAc=16°; indices, «=1.619, 3=1.631,
y=1.641; pleochroism, «=grayish green (5GY 7/2),
y=light green (5BG 6/6). The calculated mineral
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formula, as derived from procedures outlined in the
section on “Amphibole formula,” is:

(Na,.40Ko.04) =0.44Ca1.6s[ (Mg, .cFet?, xMng 0:Nig.o
C00.0006N00.0001) —1.76 (Fet?g 20Alo 35T 10 001
Cro.01Vo.003) —o.56] —=5.32 [Si7.76Po.02Alg 201 —s.00

022.00[1.96F0.0:H1.10].

The ratio of Mg/Mg+Fe+2+Mn in the calculated
formula is 0.90, which is very close to that based
upon optical properties of actinolite with a similar
content of aluminum (Foslie, 1945, fig. 1, p. 79).
Amphibole of lower index in the schist and green-
stone is inferred to have a lower content of Al and
Fet2 and to range in composition to only slightly
ferroan tremolite

(zcazMg4.sFe+zo,2SisO‘:2 [OH].).

EPIDOTE

Epidote is a major constituent of amphibolite and
greenstone in the Belvidere Mountain Formation
and is locally a major constituent of the schist mem-
ber. Elsewhere, it is rare except in beds of amphibo-
lite or greenstone in schist or gneiss. The epidote
occurs in association with mafic minerals as sube-
quant to oval grains that vary widely in size, and as
numerous tiny grains associated with and included
in albite. In the schist member of the Belvidere
Mountain Formation, some large grains of epidote
enclose cores of allanite.

On the basis of its optical properties (Winchell
and Winchell, 1951, fig. 343), the epidote ranges
in composition from nearly iron-free -clinozois-
ite, Ca,Al,Al,Si0.,(0OH)., to pistacite (Fet3/[Al
+ Fet+3]=0.10) approximately of the composition

Ca Al (Al cFe*?,,,)Si;0.,(0OH)..

Expressed in terms of the ratio Fe+?/Al+ Fe*?, the
range in composition is from less than 0.03 to about
0.20.

In the coarse amphibolite, most of the epidote has
indices of about g8=1.740-1.742, corresponding to a
ratio of Fe+3/ (Al+ Fe*?) of about 0.20. A sample of
epidote separated from coarse amphibolite (table 1,
analysis 24) has an Fe+*/(Al+Fet?) ratio of 0.19
(see formula and calculation in section on “Epidote
formula” and see table 11). The optical properties
(2V=80°(—), «=1.722, 3=1.742, y=1.76) do not fit
the Winchells’ diagram well in all respects, but the
ratios based on 2V and 8 and on chemical analysis
are identical. A small proportion of epidote in the
coarse amphibolite has indices as low as g=1.728,
and a Fet+3/(Al+Fe+*) ratio of about 0.08. Fine-

grained epidote associated with albite has g-index of
1.720 or lower and a ratio of less than 0.03.

In the fine amphibolite, most of the epidote, both
that intermixed with hornblende and that included
in albite, has indices in the range g=1.712-1.720,
low birefringence, and abnormal blue and lemon-
yellow interference colors, indicating a ratio of
Fe+3/(Al+Fe+?) of less than 0.03. A few larger
orains have indices of g8=1.727-1.731, corresponding
to a ratio of about 0.08.

Epidote in the greenstone and in the mafic layer in
the schist and gneiss is predominantly of high bire-
fringence (second-order blue and green interference
colors) and high index (8~1.745), indicating a com-
position near that of epidote in the coarse amphibo-
lite, Fet+*/ (Al+Fet2) =0.20.

GARNET

Garnet is confined to the Belvidere Mountain and
Hazens Notch Formations. In the Belvidere Moun-
tain, it is most abundant and most conspicuous near
the base of the coarse amphibolite, where subhedral
to anhedral grains as large as 1 cm constitute as
much as 40 percent, but generally less than 10 per-
cent, of the rock. The garnet decreases in size and
abundance upward in the formation; more than a
few tens of meters above the base of the coarse am-
phibolite, and throughout the fine amphibolite, gar-
net is sparse and generally less than 0.1 mm across.
Garnet is very sparse or absent in most of the
Hazens Notch but constitutes as much as 1 percent
of a few thin mafic beds.

Much of the garnet in the amphibolite and most
of the garnet in the schist and gneiss is rimmed,
embayed, and irregularly invaded by chlorite, or
pervasively altered to a mixture of very fine grained
chlorite, biotite, and sericite. Some of the fractured
garnets in the amphibolite are healed by tiny vein-
lets of albite. Many pervasively altered garnets con-
tain veinlets of albite in a matrix of biotite, sericite,
and chlorite.

Garnet in the amphibolite is reddish brown in
hand specimen, pale pink in thin section, has indices
of about 1.780 to 1.785, and appears isotropic. The
composition is inferred to be approximately

Alm,Pyr,,, or Fe+?, Mg, ;Al;Si;0:..

(See Winchell, 1958, fig. 1, p. 597.) No indices were
obtained from garnet in the Hazens Notch, but the
garnet is similar in color to that in the Belvidere
Mountain and is probably of about the same
composition.
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ILMENITE, RUTILE, AND SPHENE

Ilmenite, rutile, and sphene are present, singly or
in combination, throughout the metamorphosed sedi-
mentary and volcanic rocks, but the relations vary
with rock type. Ilmenite and sphene, either singly or
together, are prevalent in most of the schist and
gneiss, where they are associated predominantly
with chloritic beds. Sphene occurs chiefly as anhedral
grains and aggregates of tiny grains but commonly
forms subhedral to diamond-shaped crystals. Ilmen-
ite occurs mainly as small laths and elongate irregu-
lar grains. Where the two occur together, sphene
invariably rims a small core of ilmenite. In some of
the Stowe schist, rutile, though very sparse, is the
predominant titanium mineral, sphene is rare or ab-
sent, and ilmenite is absent.

In the amphibolite and greenstone, sphene is
ubiquitous. It commonly contains a core of rutile,
which rarely encloses a grain of ilmenite. The rela-
tions are, thus: ilmenite surrounded by successive
shells of rutile and sphene, rutile surrounded by a
shell of sphene, or sphene alone.

GRAPHITE

Graphite is most widespread and most abundant
in the phyllite and schist of the Ottauquechee and
Hazens Notch Formations, but it is also locally
abundant in the amphibolite in the Belvidere Moun-
tain and is a characteristic though minor constituent
of much of the quartzite in the Ottauquechee.

In the schist and phyllite, graphite is associated
predominantly with micaceous layers, but it also
occurs abundantly in the silty layers of the phyllite.
In both kinds of layers, the graphite is both concen-
trated at the borders of the mineral grains and dis-
seminated through the grains as tiny inclusions.
Graphite is sparse in quartzose layers coarser than
silt size. Where slip cleavage and transecting schis-
tosity are conspicuous, graphite is commonly con-
centrated heavily along schistosity surfaces.

In the amphibolite, graphite is commonly asso-
ciated with micaceous and quartzose beds, but it also
occurs abundantly in some amphibolite that has no
admixed quartz and mica. Graphite generally consti-
tutes less than 5 percent of the rock, but in a few
places it forms as much as 30 percent of the schist.

The graphite is very fine and has generally a sooty
appearance. Distinct flakes are rarely discernible in
thin section, even under highest magnification, and
the material appears to be cryptocrystalline or amor-
phous, but in a few thin sections, cleavage flashes
were detected in the graphite. X-ray diffraction
studies of several rock samples revealed only a few

in which the strongest lines of graphite were de-
tectable (F. A. Hildebrand, written commun., Oct.
13, 1955; Nov. 9, 1955; Sept. 6, 1956). These
features indicate that most of the so-called graphite
may be amorphous carbon, but at least a small pro-
portion is very finely crystalline graphite. For sim-
plicity, amorphous carbon and graphite are both
referred to throughout this report as graphite.

OTHER MINERALS

Carbonate, probably chiefly calcite, occurs -as
scattered rare anhedral grains in the granoblastic
layers of the schist and gneiss. In the greenstone
and amphibolite, carbonate occurs in small veinlets
and as irregular patches that embay and engulf
amphibole and chlorite. Some carbonate in the cal-
careous greenstone appears to be pseudomorphic
after amphibole. Most of the carbonate fizzes
strongly in acid and appears thus to be calcite; a
small proportion may be dolomite.

Apatite is common but not abundant in the schist
and gneiss; it occurs sparsely and sporadically in the
amphibolite. All the apatite is of very low birefring-
ence and has an index of about »=1.633, indicating
the composition of fluorapatite, Ca,P;0,.F.

Rare grains of microcline, noted in the gneiss,
have the same habit and associations as quartz.

Zircon was observed only in the gneiss, where it
forms subrounded grains as much as 0.5 mm across.

Tourmaline is very sparse but widespread in the
schist and gneiss. It ranges in habit from prismatic
to subrounded and is predominantly olive or bluish
green.

Allanite was noted only in the schist of the Belvi-
dere Mountain Formation, where it forms deep
yvellow-brown cores in some of the larger epidote
grains.

Pyrite is common throughout the schist but is
associated particularly with graphitic phyllite, where
it forms scattered cubes and anhedral grains.

Magnetite is associated with chloritic zones of the
schist and gneiss, where it occurs sparsely in an-
hedral grains and octahedra as much as 1 mm across.

PETROGENESIS

Metamorphic features and relict sedimentary
features modified to various degrees by metamor-
phism characterize the schist, gneiss, quartzite, am-
phibolite, and greenstone. The characteristics of the
relict bedding, the compositions of the rocks, and the
intergradations and facies relations among the sev-
eral rock types indicate that the protoliths of the
phyllite, schist, gneiss, and quartzite were graphitic



METAMORPHOSED SEDIMENTARY AND VOLCANIC ROCKS

and nongraphitic shale, fine-grained graywackes,
siltstone, and quartzose sandstone; protoliths of the
amphibolite and greenstone were mafic volcanic
rocks formed largely or entirely by submarine ac-
cumulation of detrital material derived from basaltic
rocks.

Most of the minerals that constitute these rocks
are entirely of metamorphic origin or have been
largely or entirely recrystallized during metamor-
phism. The principal exceptions are the larger clastic
grains in the conglomeratic beds and the rare clastic
grains of zircon. Despite extensive recrystallization,
the distribution of minerals in the metamorphic
rocks largely reflects the primary distribution of
minerals in the protoliths.

PHYLLITE, SCHIST, GNEISS, AND QUARTZITE

Nearly all the quartz and probably most of the
albite (as well as rare grains of microcline) in the
granoblastic layers are partly of detrital origin. Ex-
cept for phenoclasts in the conglomerates, the detri-
tal outlines of most of the clastic grains are com-
pletely obliterated by recrystallization. However,
scattered grains have a detrital core distinctively
different from the rimming overgrowth. Among
these are grains of rutilated quartz with rims of
clear quartz and twinned grains of feldspar with
overgrowths of untwinned feldspar. Many of the
scattered small grains of quartz and some of the
albite in lepidoblastic layers of the schist are simi-
larly of detrital origin, but an appreciable proportion
probably formed by metamorphic reactions. Most of
the quartz lenticles in the schist probably formed by
metamorphic differentiation and conecretionary
growth (see Eskola, 1932, p. 71-73; Ramberg, 1952,
p. 91-92). ,

The grain size of the minerals in the granoblastic
layers appears to have been little modified during
metamorphism and probably reflects closely the
fabric of the protolith. This is attested to by the
abundance of disseminated graphite inclusions in the
layers of silt-size quartz, and the relative sparsity of
such inclusions in the coarser layers. The albite por-
phyroblasts, and perhaps many of the smaller grains
of albite in the lepidoblastic layers, are almost en-
tirely of metamorphic origin, though some may have
formed on small nuclei of detrital albite; the albite
probably formed by growth of larger detrital grains
at the expense of small detrital grains or by meta-
morphic reaction of sodic clay minerals.

White mica, chlorite, and biotite are entirely of

|

metamorphic origin. They formed principally from
clay minerals, and variations in their relative pro- | They may be detrital layers or possibly thin chert
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portions and composition are chiefly due to original
variations in the sedimentary protoliths.

Graphite is a relict mineral of the protolith, and
its distribution—most abundant in the lepidoblastic
and silt-sized quartz layers—reflects closely the orig-
inal distribution in the sedimentary rock. The prin-
cipal change related to metamorphism is the partial
recrystallization of at least some of the carbonace-
ous matter of the protolith to crytocrystalline graph-
ite. In some places, the graphite is redistributed,
probably meckanically, and concentrated along shear
surfaces of spaced schistosity and slip cleavage.
Pyrite, associated largely with graphite, probably is
all of sedimentary origin, though extensively re-
crystallized during metamorphism.

Calcite interstitial to quartz in the granular layers
is probably mainly relict calcareous cement, though
completely recrystallized. Some of the calcite that
appears to replace other minerals of the schist,
gneiss, and phyllite may have been formed at a late
stage in the metamorphism as the result of rise in
the partial pressure of CO..

Garnet, ilmenite, rutile, sphene, epidote, and tour-
maline are entirely of metamorphic origin. The eores
of allanite in grains of epidote in some of the schist
probably formed where rare earths were relatively
abundant: the enclosing epidote formed after the
rare earths were used up.

AMPHIBOLITE AND GREENSTONE

The minerals of the greenstone and amphibolite
are principally or entirely of metamorphic origin.
Variations in lithology reflect bedding in the proto-
lith, but the original fabric has been extensively
modified. The fineness of detail preserved varies in-
versely with the grain size of the rock.

Albite formed entirely by breakdown of calcian
plagioclase of the protolith. Epidote is both a prod-
uct of simple breakdown of the calcian plagioclase
and of reaction between mafic constitutents. Am-
phibole, as well as garnet in the higher grade rock
and chlorite in the lower grade, formed by reaction
of the mafic constitutents of the protolith; ilmenite,
rutile, and sphene were minor products of the re-
actions. Chlorite, biotite, and sericite, in aggregate
pseudomorphs after garnet, are retrograde alter-
ation products. Quartz, sericite, and biotite, in beds
relatively rich in those constituents, formed from
pelitic sediments intermixed with the predominant
volcanic material of the protolith.

The thin films and seams of quartz along bedding
surfaces show no textural evidence of detrital origin.
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beds, completely recrystallized, and perhaps en-
hanced by metamorphic differentiation, or they may
have formed entirely by metamorphic differenti-
ation.

The occurrence of graphite in particular strati-
graphic zones and its abundance in some beds that
contain considerable intermixed pelitic sediments in-
dicate that the graphite is of sedimentary origin.

The textural difference between the coarse am-
phibolite on the one hand and the fine amphibolite
and greenstone on the other depends chiefly upon
grade of metamorphism. However, some of the rock
mapped as fine amphibolite was originally coarser
grained and was reduced by cataclasis to fine-
grained rock. Some of the textural variations within
each rock type are also attributable to cataclasis.

ULTRAMAFIC AND ASSOCIATED ROCKS

Ultramafic igneous rocks and rocks derived from
them constitute the bedrock surface of about 10 per-
cent of the Belvidere Mountain area and underlie
another 5 percent of the area beneath mantling ero-
sional remnants or structural infolds of amphibolite
and schist (pl. 1).

The largest outerop area of ultramafic rocks (the
Eden quarry body) covers nearly the entire south-
eastern slope of Belvidere Mountain and extends in
a relatively narrow strip around the upper slopes of
the north and northwest parts of the mountain.
Small isolated bodies, centered at 750 m (2,500 ft)
and 810 m (2,700 ft) altitude on the southwestern
flank of the mountain and at 750 m (2,500 ft) on
the northeast flank, are inferred to connect with the
Eden quarry body beneath the capping of amphi-
bolite. Another large mass (the Corez Pond body) is
exposed at only a few places through a deep mantle
of glacial and fluvial deposits but is inferred to be
present at the bedrock surface in the valley of Corez
Pond. A third large body (the Lowell quarry body)
is well exposed in the vicinity of the Lowell quarry.
A connection at bedrock surface between the Corez
Pond body and the Lowell quarry body was exposed
by stripping operations. The two bodies probably
are not connected with the Eden quarry body at bed-
rock surface, but all three are probably connected at
depth beneath synclinal infolds of amphibolite.

Many small lenses, pods, and veins of ultramafic
rock are isolated, at bedrock surface, in country rock
near the contacts of the larger ultramafic bodies
(pls. 1, 3, and 4 D and E). Probably none is con-
nected with the main mass of ultramafic rock (the
Eden quarry, Lowell quarry, and Corez Pond
bodies), except that some of the clusters of tiny pods

along the northeast and southwest margins of the
Lowell quarry may have nebulous connections with
the Eden quarry and the Lowell quarry bodies.

The main mass of ultramafic rock is a lens, tightly
folded at its margins, which in overall attitude dips
gently to moderately southeast. In its present con-
figuration, the long axis of the lens trends north-
west (updip) and is about 3,400 m (11,000 ft) long
in plan, the intermediate axis trends northeast and
is 1,800 m (6,000 ft) long, and the maximum thick-
ness is 4560 m (1,200-1,500 ft). The small isolated
masses are steeply to moderately dipping pods and
lenses. All the bodies are generally concordant with
the bedding of the enclosing schist and amphibolite
but are locally crosscutting in detail.

The main ultramafic body contains large volumes
of relatively fresh igneous rock, large volumes of ser-
pentinite, relatively minor, though appreciable, vol-
umes of carbonate-quartz rock, tale-carbonate rock,
and steatite, and negligible volumes of thin layers
and irregular pods of chromite and irregular masses
of chromite or chromian magnetite. The relatively
fresh igneous rocks are more or less centrally lo-
cated in the body. They consist chiefly of dunite and
and minor amounts of peridotite. Massive serpen-
tinite occupies an irregular and discontinuous zone
around the relatively fresh dunite and peridotite,
and is irregularly interlayered with it. Highly
sheared schistose serpentinite occurs principally at
the margins of the body but also traverses the dunite
and massive serpentinite in narrow, generally irreg-
ular zones.

In many places, the dunite, peridotite, and mas-
sive serpentinite contain many veins of cross-fiber
chrysotile asbestos and a few veins of dense, resin-
ous-looking serpentine, much of which has a
columnar or coarsely fibrous structure, but some of
which is megascopically structureless. The schistose
serpentinite commonly has short slip-fiber chrysotile
asbestos distributed sparsely to abundantly along
shear surfaces. In a few places along prominent and
well-defined shear zones in the serpentinite, masses
of very long fibers of intermixed chrysotile asbestos
and fibrous calcite and brucite form spectacular but
volumetrically negligible pockets of asbestos. Car-
bonate-quartz rock, tale-carbonate rock, and steatite
(talc rock) form several irregular podlike to elon-
gate tabular masses in the main ultramafic body. In
a few places, tale-carbonate rock occurs at the mar-
gins of the body; where contacts are exposed in such
places, a thin zone of steatite intervenes between the
talc-carbonate rock and the contact of the ultramafic
body.
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The small isolated bodies of ultramafic rock con-
sist entirely of schistose serpentinite, of a serpen-
tinite core surrounded by successive shells of tale-
carbonate rock and steatite, locally bordered by
tremolite, of talc-carbonate rock surrounded by
steatite (and, locally, tremolite), or entirely of
steatite (and, locally, tremolite).

Country rock bordering or included in the ultra-
mafic bodies is variously altered to contact rocks of
several associations. The main ultramafic body is
bordered chiefly by serpentine-chlorite rock and
rodingite (diopside - garnet - epidote - vesuvianite
rock). Most of the smaller ultramafic bodies and
parts of the main ultramafic body are bordered by
steatite and blackwall chlorite rock; a thin selvage
of tremolite rock generally separates steatite and
blackwall. A few of the small bodies, and the main
body in a few places, are bordered by tremolite rock
and chlorite rock with no intervening zone of talcose
rocks. In one place, the contact-alteration zone con-
sists of irregular and haphazardly distributed
masses of talc, magnesite, quartz, albite, muscovite,
and tremolite.

The relations described in the foregoing section
are depicted, at various scales and in varying detail,
in figures 3 and 4 and plates 1-4. In general, it was
not practical to map separately varieties of ultra-
mafic rock and contact rocks in areas of natural ex-
posure. In the Lowell quarry area and in the
C-area, dunite and the varieties of serpentinite are
distinguished, where practicable, as they were ex-
posed at the natural bedrock surface after stripping
operations (pls. 3, 44 and B, and fig. 3). Contact
rocks are depicted on some of the detailed maps (pl.
4C and D, and fig. 4). The relations of several of the
small isolated pods are shown on plate 4D and E.
Many of the exposures depicted have since been re-
moved down to the level of the quarry floors and are
now mantled with rock debris from quarry oper-
ations.

MINERALOGY OF THE SERPENTINE GROUP

The minerals of the serpentine group are varied
and complex. The group has been studied intensively
by many investigators, and the general scheme of
classification, the structure and parameters of the
unit cells, and the crystal chemistry of the several
varieties have been determined.

Among the more important papers of general in-
terest on the mineralogy and stability relations of
the serpentine minerals are those by Selfridge
(1936), Grumer (1937), Efremov (1939), Aruja
(1945), Bowen and Tuttle (1949), Yoder (1952),

Koufrimsky and Satava (1954), Koutimsky and Fil-
¢akova (1954), Roy and Roy (1954; 1955), Nagy
and Faust (1956), Whittaker (1951; 1952; 1953;
1956a; 1956b; 1956¢; 1957), Whittaker and Zuss-
man (1956, 1958), Zussman and Brindley (1957),
Zussman, Brindley, and Comer (1957), Kiinze (1956,
1958), Bates (1959), Gillery (1959), Maser, Rice,
and Klug (1960), Olsen (1961), and Faust and Fa-
hey (1962). The text by Deer and others (1962, v. 3)
summarizes the mineralogy of the group, and con-
tains an extensive list of selected references.

Three principal structural varieties of serpentine
are recognized: chrysotile, lizardite, and antigorite.
Chrysotile is fibrous in habit, whereas lizardite and
antigorite are platy. The basic unit cell of all the
minerals approximates the single-layered cell of
lizardite (¢=5.3 A, b=9.2 A, ¢=T7.3 A, =90° or
=93°). However, in chrysotile the unit cell is double
layered, and has a c—parameter of =14.6 A; fur-
thermore, three subvarieties of chrysotile are dis-
tinguished—ortho-, clino-, and para-. Antigorite has
a supercell that consists, essentially, of 814 lizardite
subeells, in which a=43.5 A. A fourth variety, six-
layer orthoserpentine, has a supercell in which six
layers are stacked along the c—axis (¢=43.9 A); it
reportedly occurs in both fibrous and massive form
(Deer and others, 1962, p. 173).

Lizardite and six-layer orthoserpentine are elon-
gated parallel to a; antigorite is elongated parallel
to b. Orthochrysotile and clinochrysotile have a par-
allel to the fiber axis; parachrysotile has b parallel
to the fiber axis.

The ideal structural formula of all the varieties of
serpentine except antigorite is that of lizardite,
Mg.Si,0,,(OH),, or an appropriate multiple (two
for chrysotile, six for six-layer orthoserpentine). Be-
cause of distortion in the antigorite structure, an-
tigorite departs slightly from the simple formula of
814 times the formula of lizardite; it is reported as
Mg ,:Si,,0:; (OH) .. (See note.)

Note.—Faust and Fahey (1962) record slightly different
structural formulas derived by Zussman (1954) and by
Kunze (1956, 1958). The recorded difference in Mg-content
appears to be due to an arithmetical or typographical error
in Kunze’s paper (1956, p. 105). “Mg.” should read
“Mgs.sxs” The difference in content of (OH) appears to
result from different conclusions concerning the (OH) ions
that would be omitted from the unit cell: Zussman concluded
that 2(OH) would be eliminated from the tetrahedral sheet
and 3(OH) from the octahedral sheet; Kunze, 6(OH) from
the octahedral sheet. Inversion of the polar sheet at the
point of inflection, postulated by both authors, would appear
to make Kunze's omission of 6(OH) ions the more likely.
These considerations reconcile the two formulas exactly.
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FIGURE 3.—Geologic map of part of the C-area, Eden and Lowell, Vt.
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CORRELATION OF MAP UNITS

% Oug

J

ORDOVICIAN

Lower

Camels Hump
Cambian

Group CAMBRIAN

DESCRIPTION OF MAP UNITS

DUNITE—Slightly to moderately serpentinized. Layer-

ing, which reflects variations in content of pyroxene
and opaque minerals, is ubiquitous; layers range in
thickness from 1 in. (2.5 cm) to as much as 2 ft. (60

cm)

MASSIVE SERPENTINITE— Layering obscure.

[r-

regular fractures several inches to a few feet apart

impart a blocky structure

SCHISTOSE SERPENTINITE —Composed entirely of
small chips and lenticular fragments of serpentinite.

In

tabular bodies the chips and lenticular fragments are

alined parallel to the shear contacts.
bodies the orientation of fragments is variable

SCHISTOSE SERPENTINITE—Contains abundant len-

In irregular

ticular and irregular masses of tremolite-chlorite rock
which has a highly contorted schistosity and in which

Oug

scattered nodules of coarse actinolite are distinctive

GRAPHITIC SCHISTOSE SERPENTINITE—The
Ordovician age designation refers to the age of

emplacement of the intrusive ultramafic rocks, not to the
age of the parent igneous rocks or the metamorphic
derivatives (see text subheading discussions under

phibolite

“Tectonic and petrogenic synthesis’’)
BELVIDERE MOUNTAIN FORMATION—Coarse am-

Contact or shear surface—Solid where exposed, dashed
where covered. All contacts between ultramafic rocks
are shear surfaces; the contact between ultramafic
rock and amphibolite generally is moderately sheared

Limit of exposure

FIGURE 3.—Continued.

For purposes of comparison, it is convenient to
write the mineral formulas of all the structural va-
rieties in terms of the structural formula of lizardite.
Allowing for (1) the substitution of Fe+2 (and gen-
erally small amounts of other divalent ions) in octa-
hedral position; (2) of Al and Fe+* (and very small
amounts of other trivalent ions) in direct substitu-
tion in octahedral position, which results in vacan-
cies; and (3) of Al in coupled substitution in octa-
hedral and tetrahedral position, the formula for
chrysotile (all varieties), lizardite, and six-layer
orthoserpentine, then becomes

(Mg, Fe+2) (Al, Fe+3) (r+y)

(-3)

v
0., (OH),

=4

(1)

Si(ﬂt—ulAlu

where x is equal to (Al, Fet*) that substitutes di-
rectly in octahedral position, and ¥ is equal to Al
that is in coupled substitution in octahedral and
tetrahedral position (Chidester, 1962, p. 46). Simi-
larly, the formula for antigorite becomes
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FIGURE 4.—Geologic map of the contact between ultramafic rock and amphibolite, Eden quarry, Eden, Vt.
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In practice, the formula of lizardite suffices as a
general formula for the serpentine group, and the
Roman numerals designating the coordination posi-
tion are dropped. Furthermore, it is not generally
possible to determine precisely the role of the differ-
ent types of substitution on the basis of present
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chemical analysis and sampling techniques, and it is
sufficient to indicate simply that the trivalent ions in
tetrahedral position are not necessarily equal to
those in octahedral position. The simplified formula
thus becomes

[(Mg, Fe+) _,, (Al, Fe+?),] [Siq_»AL] O, (OH),,

where, theoretically, z is equal to 3/2 times the (Al,
Fet®) in direct substitution in octahedral position
plus the Al in octahedral position that is in coupled
substitution with Al in tetrahedral position; ¥ is
equal to the Al in octahedral position both in direct
substitution and in coupled subsitution with Al in
tetrahedral position; and z is equal to Al in tetra-
hedral position in coupled substitution with Al in
octahedral position. The precise formulas in the pre-
ceding paragraph should make these relations clear.
(See note.)

Note.—In addition to the compositional variations dis-
cussed, it seems likely that the entrance of Al into six- and
four-coordination in antigorite might cause structural modi-
fications that would result in changes in the structural
formula of antigorite: The replacement of Mg and Si by Al
would lead to better fit between the “brucite” layer and the
8i:0s;-layer, thus decreasing the curvature of the unit cell,
and reducing the likelihood of “coincidence deficiency”
(Kunze, 1956, p. 82) in the unit cell. In such a case, the
structural formula of antigorite would change toward that
of lizardite. Perhaps such a change would take place sud-
denly, at a critical point with respect to the content of Al,
in any particular unit cell. For macroscopic samples of
antigorite, however, the compositions might be expected to
vary statistically through a considerable part of the range
between that of antigorite and that of lizardite. When the
Al content is great enough to cause a good fit between the
“brucite” layers and the Si.0: layers, thereby reducing the
curvature of the unit cell sufficiently to allow accommod-
tion of an additional 6 (OH) and 3 Mg per unit cell, probably
the lizardite structure, rather than the antigorite structure,
would be stable. The lizardite structure differs from the
postulated structure of antigorite that contains a high con-
tent of Al only in that the polar layers are not inverted at
the midpoint of each supercell (8% unit cells of lizardite).

Unfortunately, no general distinction based on
optical properties can be made between varieties of
serpentine that have been distinguished by X-ray,
DTA, and electron microscope investigations. In a
particular geologic environment, however, or per-
haps only within the limits of a particular locality,
a distinction on the basis of optical properties can
be made between some of the varieties of serpentine.
(Chidester, 1962, p. 46-48). Even then, it is gener-
ally possible to distinguish only between chrysotile
on the one hand and the platy varieties of serpentine
(antigorite, lizardite, and six-layer orthoserpentine)
on the other. And where two or more varieties are

intimately intergrown, the distinction by means of
optical properties may be uncertain or impossible.

Thus, in the Belvidere Mountain area, chrysotile
can generally be distinguished by its asbestiform
habit and low indices relative to platy serpentine.
The apparent optic axial angle in sections cut nor-
mal to the fiber axis is 2V=0°; in oblique sections,
the angle increases as obliquity increases. The ap-
parent optic sign is (+); the sign of elongation,
(+). Measured indices are n=1.532-1.545, N=
1.550-1.562; the measured value of N is probably
near true y, which vibrates parallel to the fiber axes,
but the value of » is intermediate between « and g.
(See note.)

NoTE.—It seems probable that, fundamentally, the optic
sign of chrysotile is negative, the same as that of other
varieties of serpentine. The apparent positive optic sign,
and the apparent optic angle, which varies with the obliquity
of the section with respect to the fiber axis, appear to result
from the cylindrical structure of the lattice. In sections of
orthochrysotile and clinochrysotile cut normal to the fiber
axes, v vibrates parallel to the microscope tube, and all the
transmitted light, vibrating in the plane of the section,
ranges in index from « to 8. Thus, the index observed is an
average of the two; the mineral appears to be uniaxial and
the optic sign, (+). In sections cut moderately oblique to
the fiber axes, light vibrating parallel to the microscope tube
is a nearly fixed large value of ', Light vibrating parallel to
the lonz axis of the elliptical section ranges in index from
a smaller 4 to «’, so that the index observed is an average
near 8. Light vibrating parallel to the short axis of the
elliptical section ranges in index from a to g8, so that the
index observed is a small value of o’. As a consequence, the
observed interference figure is biaxial, 2V is moderate, and
the optic sign is (4). As obliquity increases, the apparent
optical axial angle increases until, when the fiber axes are
parallel to the section, the interference figure is like that
of a flash figure of an uniaxial positive mineral.

The same line of argument would appear to hold for
parachrysotile, but with this difference: If B~+~, the ap-
parent optic angle, apparent optic sign, and sign of elonga-
tion would be the same as for orthochrysotile and clino-
chrysotile, but the apparent birefringence would be appreci-
ably lower. If a~p, the relations of the apparent optic
angle would be the same, but the optic sign and sign of
elongation might be negative; the apparent birefringence
would also be low.

On the other hand, the platy varieties of serpen-
tine (chiefly antigorite) have the following optical
properties: 2V, small to moderate; optic sign, (—);
sign of elongation, (+); birefringence colors, ab-
normal blue; indices, «=1.560-1.565, g~v=1.665—
1.573.

These observations form the basis of data pre-
sented in table 2, which relates approximately the
structural parameters, habit, and optical properties
of the serpentine minerals.
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Many varietal names that designate chiefly types
of serpentine defined on the basis of habit and as-
sociation have been discredited; only antigorite, liz-
ardite, six-layer orthoserpentine, and the three types
of chrysotile are now recognized as valid species. In
this report, “picrolite” is retained, in addition to the
species names listed above; it is used in a purely
descriptive sense for nonasbestiform vein serpentine
that is dense and of generally columnar or coarsely
fibrous but locally massive habit.

IGNEOUS ROCKS, SERPENTINITE, AND VEINS

Ultramafic rocks that have more than about one-
third of the essential primary minerals (olivine and
pyroxene) remaining retain generally the appear-
ance of the primary igneous rock and are classed in
this report as dunite or peridotite. More highly ser-
pentinized rock is classed as serpentinite. The classi-
fication as dunite or peridotite is based on the origi-
nal content of pyroxene. Rocks containing less than
5 percent pyroxene or recognizable pseudomorphs
after pyroxene are classed as dunite; those contain-
ing more than 5 percent, as peridotite.

The transition from dunite to peridotite is com-
monly abrupt; layers that contain 5-10 percent py-
roxene are in sharp contact with layers that contain
little or no pyroxene. Less commonly, the transition

is gradational over several centimeters. Both the
dunite and peridotite grade into massive serpentinite.
Normal to the layering, the transition is fairly sharp,
the gradation from little or moderately serpentinized
rock to highly serpentinized rock taking place within
a fraction of a centimeter. Parallel to the layering,
the transition is commonly very gradual, taking
place over several meters.

Chromitite forms sharply bounded layers in the
dunite and massive serpentinite, and irregular pods
in schistose serpentinite. Several types of veins
crosscut layering in the dunite, peridotite, and mas-
sive serpentinite; are parallel to the irregular schis-
tosity of the schistose serpentinite; or are in
transecting shear zones. Most of the veins are of ser-
pentine, carbonate, and associated minerals, but
magnetite olso forms distinctive veins.

Table 3 contains selected modes of ultramafic ig-
neous rocks and their serpentinized derivatives.

DUNITE AND PERIDOTITE

Dunite crops out extensively on the southeastern
slopes of Belvidere Mountain and was well exposed
by stripping operations in the Lowell and C-area
quarries. Areas predominantly of dunite are deline-
ated on the large-scale maps of the Lowell quarry

(fig. 5) and the C-area (fig. 7). Minor amounts of

TABLE 2.—Unit-cell dimensions, habit, and optical properties of the structural varieties of serpentine minerals

Chrysotile X X . X Six-l
Ortho Clin o~ Antigorite Lizardite orth';s}ier;i;rtine
Unit-cell dimensions
O 534 A 534 A 5.34 A 435 A 531 A 532 A
b o ___ 9.2 A 9.2 A 92 A 9.2 A 9.2 A 923 A
€ 14.63 A 14.65 A 14.63 A 7.26 A 731 A 43.59 A
B . 93° 16’ o 91° 23’ - -
Optical properties
2V . 0°-large 0°-large 0°-large Small to Small to ?
L. moderate moderate(?)
Optic sign* _______ (+) (+) (+) or (—)? (—) - (—)?
Sign of elongation® (+) (+4) (+) or (—)? (+) (+) (+)
e-index*® __________ 1.5632-1.545 1.532-1.545 ? 1.560-1.565 ? ?
B-index ___________ ? ? ? ey ? ?
'y-ingiex ___________ 1.550-1.562 1.550-1.562 ? 1.565-1.573 1.573 1.575(7)
Optical orientation _ a=c¢ a=—c a=¢ a=¢ a=c
B=b B8=b g=b g="b B=b ?
. X y=a Y=a Y=a y=a y=a
Extinetion ________ Parallel Parallel Parallel Parallel Parallel ?
Abnormal bire-
fringence colors _ None None None Blue Blue
Habit
Fibrous; a= Fibrous; a= Fibrous; b= Platy to colum- Platy to colum- Structureless to
fiber axis fiber axis fiber axis nar; elon- nar; elon- platy; elon-
gated parallel gated parallel gated parallel
to b. to a. to a.

1 See text discussion on optic axial angle, optic sign, and sign

2 Actually an a’-index in the case of chrysotile.

of elongation, of chrysotile.
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TABLE 3.—Selected modes of dunite and serpentinite

[Tr, trace]
Protolith, (based on
content of pseudomor- Antigo-
i COXETIE s Pyrox- Chro- Magne- . "~ Chry- . . Antho- Car- Gra-
Specimen No. dI\)x};g::d <1;y1;21e.;1eer;t Olivine * 2~ mite tite lirzlsifilte sotile Chlorite Brucite phyllite Sulfides ' oio Tale phite
peridotite >b5 percent)
A. Dunite and massive serpentinite
16 Tr - 2 80 - 1 - 1 - _— - -—
33.3 - Tr 3.8 59.3 - 1.6 - 2.0 - - - -
- - —— K 83 - 1 8 - Tr 1 - .
90 - Tr <1 10 <1 <1 - . - - - _—
63.0 - — 1.1 34.9 - A .3 - Tr - - _—
76.4 - - 4.0 19.6 - - _— - - - - -
- - - 5.6 84.6 - 4.1 5.7 - - — - —
1.3 - - 4.9 83.7 3.4 4.0 2.7 s - _- - -
20 Tr - 6 68 - 1 - 5 - _— . -
. - - 5.1 78.2 - 7.3 9.4 —- - - - -
Tr Tr - 10 8 - 2 Tr 10 - Tr - -
85.9 — Tr 1.0 12.7 - Tr 4 -— - _— —— -
- - . 5 76 - - - - - . - 19
A-BM-53-12 _______ do o _____ - - . 5 95 - - - - — - - -
A-BM-57-3 _____.___ do o __ 60 - - 2 37 - 1 Tr - —- — - -
B. Schistose serpentinite
AV-74 . - - - 3.2 86.6 6.4 3.8 - _— _— . - --
AV-81 _____________ - - - 4.0 80.2 13.2 1.3 1.2 - - 0.1 . -
AV—209 _____________ - - - 1 91 1 = - _ __ 7 - -
A-BM-30 - - 1 - 99 - - - - Tr - Tr
A-BM-53-20 - - - Tr 94 - - - - - 1 5
A-BM-53-43 - _ . Ty 100 _ __ __ __ . - -
EQ-4-909 - - - - 60 - 2 - - - 1 - 37
CP-2-126 - - - 7 90 - Tr 3 - B - - -

peridotite are interlayered with the dunite but no-
where form mappable units. Dunite is abundant in
the ultramafic rocks on the steep slopes under and
south of the abandoned aerial tramway line on the
east side of Belvidere Mountain (fig. 3) but is not
mapped separately.

The dunite and peridotite are generally massive
and range from grayish yellow green to dark green-
ish gray. They are predominantly fine grained and
break unevenly along minutely grainy surfaces char-
acterized by cleavage flashes of olivine and tiny lus-
trous silken threads and patches of serpentine. Oli-
vine is the only essential mineral of the dunite, and
some of the dunite is virtually free of pyroxene or
its pseudomorphs; however, most of the dunite con-
tained originally from a small fraction of 1 percent
to as much as 5 percent pyroxene. The peridotite
contains pyroxene as an essential constituent in addi-
tion to olivine. The original pyroxene content of the
peridotite ranged from 5 percent to about 10 per-
cent. Chromite, magnetite, and sparse sulfides and
sulfarsenides are common primary accessory min-
erals of the dunite and peridotite. Serpentine and
magnetite are ubiquitous secondary minerals, and
brucite, chlorite, carbonate, and anthophyllite are
common ones in both rocks. Both rocks vary widely
in degree of serpentinization, but all contain more
than 10 percent serpentine. Representative modes of
dunite and peridotite are given in table 3A4.

On weathered surfaces long exposed to the air,
dunite and peridotite characteristically range from

buff or yellowish gray to moderate reddish brown,
but weathered surfaces from which mantling vegeta-
tion has been recently removed are commonly pale
yellowish green to almost white.

Layering is ubiquitous in the dunite and perido-
tite. Most of the layers are 1-25 cm thick, and few
are as thick as a meter. Some of the thinner layers
consist of groups of uniform layers a few millimeters
thick. Individual layers are distinguished by differ-
ences in texture and color ; the layering reflects chief-
ly original differences in texture and content of
accessory minerals but also marks differences in the
pattern and degree of serpentinization. The distribu-
tion of pyroxene pseudomorphs especially contrib-
utes to the layering; the content of pyroxene is
commonly significantly different in adjacent layers,
and the alinement of the platy crystals parallel to
the layering reinforces the layered effect. On weath-
ered surfaces, differences in color and texture are
accentuated by differences in weathered color of oli-
vine, pyroxene, serpentine, and brucite, by the
variously knotty or pitted weathered surface of py-
roxenic rock, and by the increased contrast between
silicate and metallic minerals.

Much of the dunite and peridotite has a crude to
pronounced foliation parallel to the layering. The
foliation is due to the parallel alinement of platy
minerals, particularly pyroxene, to the tendency of
the rock to break along surfaces of contact between
layers of contrasting composition, and, in a few
specimens, to a discernible parallel alinement of
crystallographic planes in the olivine grains.
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CHROMITITE

Concentrations of chromite (chromitite) are rare
in the Belvidere Mountain area and were noted only
in the main body of ultramafic rock. A layer of
massive chromitite about 80 ¢m thick is exposed for
a length of about 3 meters at 102,950 N., 90,940 E.
(pl. 1) on the west peak of Belvidere Mountain. Sev-
eral thin layers of chromitite 1-10 em thick were
exposed by stripping operations near 98,260 N.,
97,160 E. (fig. 3 and pl. 1) in the C-area. These lay-
ered bodies are conformable with the layering in the
enclosing dunite and massive serpentinite. Where
the layered dunite is folded, the chromitite veins are
folded in conformity. A small irregular pod of mas-
sive chromitite is exposed southwest of Corez Pond,
at 92,700 N., 96,900 E. (pl. 1). The contacts are not
exposed, and the pod is surrounded by talc-carbonate
rock; so the structural relations are not known.
Veins of pale-green coarsely foliated tale border and
vein the chromitite pod.

The tabular bodies of chromitite range in fabric
from massive throughout to finely layered. The fine
layering is as little as 1 mm thick and consists of
alternate laminae predominantly of chromite and
olivine or serpentine. The pod of chromitite is en-
tirely massive.

A sample (A-BM-29) of the 30-cm-thick layer of
chromite from the west peak of Belvidere Mountain
has a modal composition of: chromite, 66 percent;
olivine and serpentine, 34 percent. The modal com-
position of a sample (A—-BM-53-116) from a tabular
body 10 em thick, in the C-area, is: chromite, 55 per-
cent; magnetite (probable chromian), 13 percent;
olivine and serpentine, 32 percent.

SERPENTINITE

Serpentinite has a variety of textural features and
mineral associations, but can be divided into two
textural end types: massive serpentinite and highly
sheared and schistose serpentinite (hereafter re-
ferred to simply as “schistose serpentinite”). Ser-
pentinite intermediate in character is common.

Massive serpentinite is well exposed near the west
peak and on the southeast slopes of Belvidere Moun-
tain, where it is interlayered with dunite and perido-
tite, and in the Eden, C-area, and Lowell quarries,
where it is marginal to and interlayered with dunite
and peridotite (pl. 1). Schistose serpentinite is well
exposed in the three quarries, where it is principally
adjacent to the contacts of the ultramafic bodies but
also occurs in irregular zones that transect both
dunite and massive serpentinite. Schistose serpen-

tinite is also well exposed in the many small satellitic
bodies around the main body of ultramafic rock.
Moderately sheared serpentinite forms discrete
masses in the Lowell and C-area quarries. It is map-
ped generally with the schistose serpentinite, but
plate 4C illustrates the variation in textural pattern
of moderately sheared serpentinite. The general dis-
tribution patterns of serpentinite are depicted in
figure 3 and plates 3 and 4.

Massive serpentinite is medium greenish or bluish
gray to very dusky blue green or greenish black. It
retains the gross textural features of the dunite or
peridotite but breaks with a hackly rather than
grainy fracture. The layering present in the dunite
has been retained with little change except in the
color. In several places, the massive serpentinite con-
tains layers composed of diversely oriented flakes as
much as 2 mm across; these layers are commonly not
more than a few centimeters thick. Mineralogically,
the massive serpentinite is like the partly serpentin-
ized dunite and peridotite except for the relative pro-
portions of the minerals. Relict olivine is commonly
present, and remnants of pyroxene and anthophyllite
are not uncommon, but in many places these miner-
als are entirely altered to serpentine. Magnetite is
more abundant than in the dunite and peridotite,
particularly as very fine grains and dustlike parti-
cles. Patches and veins of brucite and halos of chlo-
rite around grains of chromite are common. Chro-
mite, the larger grains of magnetite, and the sulfides
and sulfarsenides are in the same relations as in the
dunite and peridotite. Some of the massive serpen-
tinite is slightly to highly graphitic, particularly in
the flaky layers.

Schistose serpentinite is similar in color to the
massive serpentinite, but it retains almost none of
the textural features of the igneous rock. It consists
of irregular polyhedral units of unsheared serpentin-
ite bounded by thin zones of highly sheared and
schistose serpentinite. The unsheared polyhedral
units range in size from tiny chips to masses several
meters across; the schistose zones in which macro-
scopic unsheared chips are virtually absent are com-
monly a small fraction of a centimeter thick, but
may be as thick as a few centimeters. The schistose
serpentinite consists essentially of platy serpentin-
ite; in most specimens, fibrous serpentine is absent
from the groundmass, and in none does it constitute
more than a few percent of it. Magnetite is the most
abundant accessory mineral. Carbonate, brucite,
chlorite, chromite, and sulfides and sulfarsenides are
common but sparse accessories; tale is rare but local-
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ly abundant. Locally, graphite is sparse to very
abundant in the schistose serpentinite, especially
along the eastern contact of the Eden quarry body.

Both the massive and schistose serpentinite weath-
er to a very pale green, very pale buff, or white
chalky surface. Commonly, smooth surfaces are
marked by a reticulate pattern of finely etched lines.
Remnants of olivine in the massive serpentinite and
patches and flakes of brucite in both the massive and
the schistose serpentinite weather brown to buff and
show up against the white-weathered serpentine as
distinctive specks and patches.

SERPENTINE VEINS

Serpentine veins in the ultramafic rocks have a
wide variety of structural and textural relations and
mineral associations, but they fall into two basic
categories: asbestos veins and picrolite veins. As-
bestos veins are of two habits: cross-fiber veins, in
which the fiber axes are at a large angle to the vein
walls, and slip-fiber veins, in which the fibers are
nearly parallel to the vein walls. Picrolite veins, in
which the serpentine mineral is dense rather than
asbestiform, are usually coarsely fibrous or columnar
but are locally massive. Some veins are composite
and contain both picrolite and asbestos. Microscopic
veins, which are observable only in thin section, or
whose textural features are discernible only under
the microscope, can generally be classified in one or
another of these categories, but some have features
not displayed by macro-veins.

In dunite and peridotite, serpentinized zones are
conspicuous adjacent to both cross-fiber and picro-
lite veins. In massive serpentinite, these zones are
generally indistinct, and in schistose serpentinite
none were observed along the rare tiny cross-fiber
veins.

Crosscutting relations between different kinds of
serpentine veins are scarce, indicating that the veins
are generally of the same age. In a few places, veins
of slip-column picrolite ecrosseut veins of cross-fiber
asbestos. Veins of cross-fiber asbestos were not seen
to crosscut veins of picrolite, except in the limited
sense that the two kinds of serpentine crosscut each
other in composite veins, but such a relationship may
exist.

CROSS-FIBER ASBESTOS

Veins of cross-fiber asbestos are the most conspic-
uous serpentine veins and are the source of the most
prized specimens of chrysotile asbestos, but they are
quantitatively of relatively minor importance. Cross-

fiber veins are composed chiefly of asbestiform fi-
brous serpentine (chrysotile). The principal acces-
sory mineral is magnetite concentrated sparsely to
heavily along partings and at the margins of the
veins, and locally intergrown with the fiber. Brucite,
crudely fibrous in habit, is sparsely intergrown with
the asbestos in some veins, and patches of calcite
occupy irregular volumes in a few veins.

On fresh surfaces of compact unopened fiber, the
asbestos is lustrous grayish green, dusky yellowish
green, or bronzy yellowish brown. Rarely, it shows
faint and delicate variations in color in laminae
parallel to the vein walls. Such “color lamination” is
more common and more pronounced in some of the
asbestos deposits in Quebec (Riordan, 1955, p. 67-81,
fig. 4). When teased and separated, the fibers are
silky and flexible and almost white. Weathered sur-
faces are pale green, and weathered fiber generally
rather stiff and brittle.

Veins range in thickness from less than a milli-
meter to as much as 5 em; most are probably 0.5-5
mm thick, and veins thicker than 3 c¢cm are rare. In
tabular dimensions the veins range from a fraction
of a centimeter to several tens of meters. The dis-
tribution pattern varies greatly, from closely spaced
subparallel veins of relatively uniform thickness
(“‘ribbon veins”) to diversely oriented, widely spaced
veins that vary greatly in thickness. In places, the
veins form conjugate sets, but attitudes of the con-
jugate sets vary markedly from place to place; in
other places no systematic orientation of the veins is
discernible. Not uncommonly, some of the veins form
conjugate sets, whereas others conform to no ap-
varent system. In many places the spacing of the
veins varies with their thickness: thin veins tend
to be closely spaced, thicker ones, widely spaced.

Cross-fiber veins show considerable diversity in
the configuration of their walls, the relations of cen-
tral partings or seams of magnetite, the distribution
pattern of inclusions of serpentine, the orientation of
the asbestos fibers with respect to the vein walls, and
the relations between veins at their intersections.
Figure 5 illustrates some of the configurations and
relations shown by cross-fiber veins.

The smaller veins, those a millimeter to several
centimeters long, have mostly the form of thin doub-
ly convex lenses. Larger veins are commonly tabular
or sheetlike; they are of relatively uniform thickness
throughout most of their extent, and wedge out or
lens out to knife edges at their margins. In some
places, the wedging out is rather abrupt, in others,
gently tapering. Some grossly tabular veins consist,
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in whole or in part, of a series of en echelon gash
veins. Most veins are nearly planar or only gently
curved, but some are more irregular and depart con-
siderably from planar form.

Nearly all the veins have generally matching op-
posite walls, and irregularities commonly correspond
in minute detail. Inclusions of massive serpentine
within cross-fiber veins are commonly seen to fit into
cusps and irregular embayments in the adjacent
wall. In a few places, matching fragments of frac-
tured grains of chromite or of pseudomorphosed py-
roxene appear on opposite walls of a vein. Almost
without exception, matching irregularities, frag-
mented crystals, and inclusions and embayments are
at opposite ends of bundles of fibers. Irregularities
unequivocally indicative of replacement are rare, and
the part for which origin by replacement is indi-
cated constitutes only a small proportion of the total
vein width.

Many cross-fiber veins contain one or more part-
ings of thin seams of magnetite—along which may
be alined thin chips of serpentinite—that separate
the vein into two or more layers of fibers. In others,
single fibers extend the full width of the vein. On the
basis of partings, it is a common practice to divide
cross-fiber veins into single-fiber and double- or
multiple-fiber veins (Cooke, 1937, p. 91-99).

Many single-fiber veins have almost no magnetite
associated with them, or only inconspicuous concen-
trations at either or both walls. Others have mod-
erately heavy concentrations of magnetite impreg-
nating the wallrock bordering the veins. Double- and
multiple-fiber veins generally have similar concen-
trations of magnetite at either or both walls, in addi-
tion to the central parting seams, but in some veins
the margins are virtually free of magnetite.

In some veins, the central parting or partings are
fairly regular and occupy about the same relative
position throughout the veins. In others, the part-
ings are irregular and cut from near one side of the
vein to near the other, or cut back and forth. In
some veins, the partings are grossly smooth and con-
tinuous; in others, they are strongly crenellated and
discontinuous, the discontinuous segments capping
bundles of fibers. In detail, even the smooth continu-
ous partings are slightly crenellated. The partings
are commonly of fairly uniform thickness, but many
pinch and swell; some widen out to small irregular
concentrations of magnetite—locally intergrown
with the asbestos and of fibrous or columnar habit—
that may in places occupy nearly the whole thickness
of the vein. The distribution pattern of chips of ser-

pentinite in the veins is similar to that of crenellated
segments of magnetite partings.

Single-fiber veins appear to be associated more
commonly with massive serpentinite, and double- or
multiple-fiber veins, with dunite, but each occurs in
both types of rock. Veins of both types in dunite
commonly have marginal concentrations of magne-
tite at either or both walls, whereas those in massive
serpentinite have none, or only inconspicuous mar-
ginal concentrations.

In most cross-fiber veins, the asbestos is oriented
so that its fiber axes are about normal to the vein
walls. In few are fibers more oblique than 45°, but in
some, the fibers approach the obliquity of slip-fiber.
Even where the fibers display marked obliquity, evi-
dence of shearing movement between fiber veins and
vein wall is extremely rare or nonexistent. In both the
single- and multiple-fiber veins, the fibers generally
are straight and are uniformly oriented. In a rela-
tively small proportion of the single-fiber veins, the
fibers are flexed into open chevron-type folds along
one or more planes parallel to the vein walls. In a
few double-fiber veins, the fibers on opposite sides of
a parting diverge in orientation by as much as 30°;
commonly, such veins pass laterally into single-fiber
veins that have a plane of flexure that is coplanar
with the parting.

The pattern of intersecting cross-fiber veins is al-
most infinitely varied, but fundamentally the inter-
sections are of two types, crosscutting and merging.
All crosscutting veins are some variation of a basic
X-form, whereas merging veins may have a Y, T, or
X form. Most intersections are merging. Simple
crosscutting intersections are rare, but complex in-
tersections, which have both merging and crosscut-
ting relations, are not uncommon.

In simple crosscutting veins, one vein can be
traced distinctly through another. The attitude of
the fibers in each vein is virtually uniform at and on
either side of the intersection. When crosscutting
veins intersect obliquely, one or another of the veing
is invariably offset forming an open Z-pattern.
Which vein is offset depends solely on the geometric
relations of the veins and the fiber orientation, rath-
er than on age relations. Figure 5F, G, and H illus-
trate some of the possible relations.

In merging intersection, the fibers of the intersect-
ing veins merge by gradual and systematic change
in attitude, approximately radially about the edges
of intersection of the vein walls (fig. 5 I-N). Where
intersecting veins are about perpendicular to one an-
other, the fibers commonly are radial to the four (or
two, in T-shaped intersections) edges of intersection
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of the vein walls (fig. 5 I and J). Where veins inter-
sect in a small dihedral angle, the fibers commonly
are radial only about the two (or one, in slant-T
intersections) edges at the apices of the obtuse di-
hedral angles of the walls (fig. 5 K and N). Com-
monly, partings of magnetite and chips of serpen-
tinite separate groups of fibers that have different
radial foci. In predominantly single-fiber veins, such
partings are generally thin and extend only for short
distances from the junctions, or join the apices of
opposite acute dihedral angles of the vein walls (fig.
5J,L,and M). In double-fiber veins, the partings in
the junction are commonly irregular and contain
abundant magnetite, chips of serpentinite, and dis-
ordered bundles of short asbestos fiber (fig. 5 I, K,
and N).

Complex intersections were observed only in mul-
tiple-fiber veins and may be confined to them. Fea-
tures characteristic of merging intersections pre-
dominate. The possible relations are extremely
varied, but commonly the layers of asbestos adjacent
to the vein wall in the obtuse angles merge, and the
layers adjacent to the vein wall in the acute angles
partly or entirely crosscut each other and the merg-
ing layers (fig. 5 N).

For additional descriptions and illustrations of
relations shown by asbestos veins, refer to Cooke
(1937, p. 91-98) and Riordon (1955, p. 68-75).

SLIP-FIBER ASBESTOS

The term “slip-fiber asbestos” is applied to as-
bestos of two distinctively different habits and modes
of occurrence: (1) thin seams of short fibers dis-
tributed along closely spaced irregular surfaces of
schistosity in schistose serpentinite and along widely
spaced minor shear surfaces in dunite and massive
serpentinite, and (2) very long fibers in pockets
along shear zones or faults that are fairly regular in
attitude, tens or hundreds of meters in extent, and a
centimeter to a meter wide. The proportion of slip-
fiber asbestos in the schistose serpentinite is not ap-
parent except upon close examination by an experi-
enced observer, but such slip fiber constitutes
most of the asbestos in the Belvidere Mountain area.
The pockets of very long slip fiber in faults and
shear zones are spectacular occurrences, but the
amount of such material at Belvidere Mountain is
negligible.

Slip-fiber asbestos associated with schistose ser-
pentinite is short, generally much less than a centi-
meter. The fiber veins are thin, and most of the
fibers appear to be nearly parallel to the vein walls.
In detail, however, the fibers make a very small acute

angle with the vein walls, and have a shingled—or,
perhaps more accurately, a thatched—arrangement.
Over small areas of a surface covered with slip fiber
the fibers are essentially parallel to each other, but
the orientation varies slightly from place to place.
The overall pattern of such a surface forms an ir-
regular mosaic of groups of fibers that have the
same general orientation, but are slightly divergent
from one another. The boundaries between divergent
groups commonly coincide with irregularities in the
schistosity surfaces. Most of the fiber is firmly at-
tached to both walls; some is in sheared contact, but
the shearing may have occurred during quarrying
operations.

In color, flexibility, and silkiness, the slip fiber in
schistose serpentine, and also that in dunite and
massive serpentinite, appears to be similar to the
cross fiber, and the mineralogy does not differ sig-
nificantly (see preceding section on “Cross-fiber
asbestos”).

Pockets of slip fiber in faults and shear zones con-
tain fibers as much as 1 m long. All such slip fiber is
intergrown with abundant fibrous -calcite, which
commonly is more abundant than chrysotile asbestos
and is as delicately fibrous. The fibrous calcite is stiff
and brittle, however, whereas the asbestos is flexible,
soft, and silky. The fibers are parallel to the shear
zones; no shingled or thatched arrangement is dis-
cernible, and the fiber ends are unattached to either
wall.

PICROLITE

Veins of picrolite have the same general distribu-
tion and size range as veins of cross-fiber and slip-
fiber asbestos, but are less abundant than either and
are more variable in structure and mineral associa-
tions. Nearly all the picrolite has a crudely fibrous or
columnar structure, but some is megascopically
structureless and massive.

The picrolite ranges from pale olive through dark
greenish yellow to dusky green; it is microcrystal-
line, dense, and has a waxy luster. Coarsely fibrous
to crudely columnar picrolite has a splintery frac-
ture; dense and massive picrolite has a conchoidal
fracture. The picrolite veins commonly contain small
to large amounts of brucite. The brucite is commonly
coarsely fibrous or flamboyant and is intergrown
with the picrolite. Fibrous calcite and clots and dis-
seminated grains of magnetite are abundant in a
few veins.

In most veins associated with dunite, peridotite,
and massive serpentinite, the columnar structure is
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about perpendicular to the vein walls, as the fibers
are in cross-fiber asbestos. In veins in schistose ser-
pentinite, the columnar structure is nearly parallel
to the vein walls, as the fibers are in slip-fiber veins.
“Cross column” picrolite veins are mostly less than
2 cm thick, rarely as thick as 10 cm, and the columns
are of comparable length. “Slip column” picrolite
veins are seldom more than 5 em thick, but the col-
umns are commonly 15 cm to more than 30 cm long.

The walls of cross-column picrolite veins common-
ly have matching irregularities at opposite ends of
columns, but irregular penetration of the walls by
the vein minerals is rather common, though relative-
ly minor. Some picrolite veins of the cross-column
type are indistinctly laminated parallel to the vein
walls. The laminae reflect chiefly differences in color,
but also slight differences in orientation of the
coarse fibers and columns in successive laminae (Ri-
ordan, 1955, p. 67-81, figs. 3 and 5). Few if any
simple unlaminated veins contain partings of mag-
netite, or significant amounts of serpentinite inclu-
sions. On the other hand, composite veins that
contain both cross-fiber asbestos and picrolite com-
monly have partings associated with the cross-fiber
asbestos, and laminated picrolite veins commonly
contain thin discontinuous layers of magnetite paral-
lel to the color lamination.

COMPOSITE VEINS

Most composite veins contain both cross-fiber as-
bestos and cross-column picrolite, but some contain
cross-fiber asbestos and slip-column picrolite; per-
haps other composite types also exist. Commonly
picrolite and asbestos form two or more distinct
layers parallel to vein walls. The transition between
layers is very sharp, and the boundary grossly reg-
ular but minutely irregular in detail. In some com-
posite veins, there is a lateral transition, gradational
over a short distance, from a vein composed entirely
of cross-fiber asbestos to a vein composed entirely of
picrolite. A few composite veins consist of irregular
intergrowths of cross-column picrolite, wispy bun-
dles of wavy cross-fiber asbestos, and fibrous brucite.

In the relations of the vein walls, mineralogy, and
other features, the composite veins combine the
features of the simple component veins.

MICROSCOPIC VEINS

Many of the microscopic veins represent in mini-
ature one or another of all the categories of macro-
veins, but some have features apparently unlike
those of any of the macro-veins. In one type, regular

blades of platy serpentine, many times longer than
they are wide, are alined parallel to the veins. Under
low magnification they appear fibrous, but under
very high magnification the apparently fibrous struc-
ture is seen to be a perfect cleavage parallel to the
length of the blades. Some of the veins of platy ser-
pentine are composite with brucite veins. Typically,
they consist of a central vein of brucite about 0.001
mm thick, bordered on either side by fibrous brucite
veins about 0.005 mm thick, the fibers at a large
angle to the vein; the brucite veins are succeeded
outward by veins of platy serpentine about 0.01 mm
thick. A second type of micro-vein consists, in thin
section, of irregular elliptical particles of serpentine,
probably spindle shaped, elongate parallel to the
veins. In routine examination, the spindle-shaped
particles appear to be structureless, but careful ex-
amination under very high magnification indicates
that they probably have a very fine fibrous structure
about perpendicular to the spindle axes. A third
type, observed in only a few thin sections, has an
irregular fibrous structure at varied angles to the
vein walls; the serpentine commonly is distinetly
banded parallel to the walls and has a marked yel-
lowish tinge. The anomalous appearance of this rare
third type of vein is due to the orientation of the
fiber axes at a relatively large angle to the plane of
the thin section.

Most of the micro-veins merge at their intersec-
tions, but a few are crosscutting. In one section,
yellowish veins of the third type, which were just
described, are cut by micro-veins of colorless cross-
fiber asbestos.

Most of the micro-veins contain only serpentine,
but some contain tiny grains and dustlike particles
of magnetite, sparse flakes of brucite, and irregular
patches of carbonate.

SERPENTINIZED ZONES AT THE MARGINS OF VEINS

Marginal zones of alteration adjacent to serpen-
tine veins are associated only with cross-fiber as-
bestos veins and cross-column picrolite veins. Margi-
nal alteration zones in dunite and peridotite are con-
spicuous features, readily apparent even from a con-
siderable distance (fig. 6). In massive serpentinite
they are generally faint because of the decreased
contrast in color; thus, the distinctness of the margi-
nal zones varies directly with the proportion of un-
altered olivine in the rock.

The alteration zones consist essentially of serpen-
tine, brucite, fine-grained or dusty particles of mag-
netite, and tiny relict grains of olivine and chromite;
variations in relative proportions, texture, and dis-
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FIGURE 6.—Photograph of cross-fiber vein in dunite, showing
marginal alteration zones.

tribution impart a varied but distinct layering to the
zones. The outer margins are generally marked by
a thin layer that is 1 mm or less wide; its color is
grayish yellow green. Not uncommonly there are
several such layers, of different shades of yellow
green and increasingly less distinct inward toward
the walls of the asbestos or picrolite veins. The inner
layers weather white, very pale green, or very pale
buff; the outer layers, various shades of buff and
light brown.

Typically, immediately next to the vein the alter-
ation zone consists of irregular shreds and chips of
fibrous serpentine in a subordinate matrix of nearly
isotropic serpentine of uncertain but probably platy
habit. A few millimeters away from the vein scat-
tered flakes and blades of platy serpentine appear.
Outward toward the dunite, the proportion of fibrous
serpentine and isotropic serpentine decreases, and
the proportion of distinctly platy serpentine in-
creases. Brucite occurs throughout the entire zone,
commonly as disseminated flakes, and it tends to be
more abundant in the outer part of the zone. Mag-
netite occurs as scattered grains and dispersed dust-
like particles; its distribution is commonly irregular,
but in many marginal zones it is concentrated more
heavily in a narrow zone immediately next to the
vein, or between the asbestos and the vein wall. Very

sparse relict grains of olivine occur chiefly in the
outer parts of the alteration zones. Chromite is
sparsely distributed as in the unaltered dunite.

Some alteration zones consist almost entirely, ex-
cept for abundant grains of magnetite, of diversely
oriented shreds and flakes of fibrous serpentine and
almost no isotropic or platy serpentine. Others con-
tain many veins and disseminated flakes of brucite.
Layering near the outer margins of some of the
zones reflects chiefly different concentrations of
brucite in the different layers. A few of the marginal
zones are strikingly asymmetric in the distribution
of minerals. In some of them, the marginal zone on
one side of the vein shows the typical relations just
described, whereas the zone on the opposite side of
the vein consists almost entirely of brucite and only
sparse bladed serpentine, fibrous serpentine, and
magnetite. In others, the distribution of brucite is
seemingly haphazard, and the relations of the ser-
pentine minerals are irregular.

The boundaries of marginal alteration zones are
smooth and sharp in overall appearance. In detail,
the transition from the altered zone to dunite is
gradational over a distance of a fraction of a mil-
limeter, and the boundary is minutely irregular.
Where the alteration zone crosscuts layering in the
dunite, tiny tongues from the alteration zone pene-
trate as much as 1-2 mm along some of the layers.
In some places, tiny fractures about normal to the
marginal zone boundaries extend a few millimeters.
into the dunite and serpentinite on either side of the
boundary and commonly mark sawtoothed irregular-
ities in the boundary.

Geometrical relations of the marginal alteration
zones are varied, but they conform in aggregate to
a general pattern. Most of the marginal zones are
roughly symmetrical with respect to the vein
throughout most of its extent and are of about uni-
form width along it, and the outer margins of the
zones conform grossly with the vein walls. At vein
intersections, the marginal zones are commonly
somewhat thicker and more irregular. Not uncom-
monly, the marginal zones thicken or thin locally in
gently tapering fashion along a vein of uniform
thickness; in some places the marginal zones main-
tain a generally uniform thickness along a vein that
varies appreciably in thickness. Along some veins,
the marginal zone on one side is somewhat thicker
than the zone on the other side, and not uncommonly
the relation is reversed at different places along the
vein. In a few places, veins as much as 5 mm thick
have no marginal alteration zones, even in dunite,
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and some less than 1 mm thick have marginal zones
several tens of times as thick.

Though in a few places the ratio of vein thickness
to total thickness of vein plus bordering alteration
zones varies widely from the average, the ratio is
fairly constant for the great majority of veins. For
most of the cross-fiber asbestos vein in the Belvidere
Mountain area, the ratio ranges from about 1:4 to
about 1:10, and the average is probably near 1:6
or 1:7. No significant difference between veins in
fresh dunite and in relatively completely serpentin-
ized massive serpentinite was detected, but the data
are insufficient to be conclusive. Few reliable obser-
vations are available on picrolite veins, but the ratio
appears to be somewhat larger, perhaps near 1:3 or
1:4. These ratios are similar to those obtained by
Cooke (1937, p. 103-110) in a careful study of as-
bestos deposits in Quebec.

AMPHIBOLE ASBESTOS

A small mass of amphibole asbestos, consisting of
fibers more than 30 em long intergrown with fibrous
calcite, was found in quarrying operations in a shear
zone at or near the northeast contact of the Lowell
quarry body; none was observed in place. The fiber
is similar to masses of slip-fiber chrysotile, except
that it is more brittle. Mineralogical examination by
G. T. Faust (written commun., 1951) disclosed the
asbestos to be a member of the tremolite-actinolite
series.

OTHER VEINS

Less abundant and generally less conspicuous than
the serpentine veins are veins of magnetite, car-
bonate, brucite, and magnetite-brucite-carbonate. Of
these, veins mainly of magnetite are the most
abundant.

Veins of magnetite are of two types: moderate to
heavy concentrations of disseminated fine-grained
magnetite in generally regular veinform masses in
massive serpentine or dunite; and irregular pods
and lenses of massive, coarse-grained chromian mag-
netite in schistose serpentinite. The veinform masses
of fine-grained magnetite generally are clearly con-
trolled by layering or by crosscutting fractures, but
most such magnetite is heavily disseminated in, and
bears a replacement relation to, the adjoining ser-
pentinite. In many places, seams of magnetite extend
for considerable distances beyond the lateral limits
of asbestos veins, along the same fractures. Most of
the veins are fairly uniform and less than a centi-
meter or so thick, but some widen out locally to form

irregular masses several centimeters across which
are broadly gradational into the serpentinite.

Pods and lenses of massive chromian magnetite
are very rare and no more than a few centimeters
thick at Belvidere Mountain, but a mass more than
8 m thick and 30 m long is exposed about 3 km north-
northeast of Troy village (Cady and others, 1963,
p. 71, pl. 1). This pod is very irregular, and the mas-
sive magnetite is everywhere in sheared contact with
the enclosing schistose serpentinite. The magnetite
rock in the pod consists of closely packed anhedral
grains of magnetite 1-5 mm across in a matrix of
bladed serpentinite. Ilmenite forms narrow rims
around scattered grains of sphene that have cores of
rutile and tiny veinlets along cleavage surfaces in
magnetite. Calcite occurs as sparsely scattered
grains and tiny veinlets. Magnetite constitutes 65—
75 percent of the rock; serpentine and carbonate,
35-20 percent; and ilmenite, rutile, and sphene,
< 1-5 percent.

Brucite and calcite and mixtures of one or both
with magnetite commonly form scattered tiny vein-
lets in the dunite, peridotite, and serpentinite. Com-
monly the veinlets are fracture controlled. Brucite
veins of this type associated with serpentine veins
have been described under ‘“Microscopic veins.”
Some veins are of uniform width, have sharp boun-
daries, and show little evidence of replacement. Some
of the regular veins widen out locally to irregular
volumes showing predominantly features character-
istic of replacement origin. Many veins are entirely
or predominantly irregular. Commonly, the veins
having features characteristic of replacement con-
tain narrow central fissurelike zones entirely of mag-
netite. In others, the distribution of minerals is
fairly uniform or entirely irregular.

These veins range in composition from entirely
calcite or brucite to various intermixtures of mag-
netite, brucite, and calcite. In many, the textural re-
lations of the three minerals are not diagnostic, but
commonly the calcite replaces brucite.

MINERALOGY AND PARAGENESIS

Dunite, peridotite, and chromitite contain primary
minerals, which are the earliest formed minerals in
the decipherable history of the rock—that is, those
that are not recognizably derived from preexisting
minerals. These three rocks also contain secondary
or metamorphic minerals, derived from the primary
minerals or introduced into a host rock during the
metamorphic history. Serpentinite is constituted en-
tirely of secondary minerals or contains sparse relict
primary minerals of the dunite and periodotite. Ser-
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pentine veins and their marginal alteration zones,
and brucite-calcite-magnetite veins are composed en-
tirely of secondary minerals. Magnetite veins are
largely secondary, though some of the veins parallel
to layering in the dunite and peridotite, and some of
thc.e irregular pods may be entirely or largely
primary.

The primary minerals are olivine, pyroxene,
chromite, magnetite (chiefly or entirely chromian),
sulfides, and sulfarsenides. They vary little in com-
position, habit, and association, or vary systemati-
cally. The secondary minerals are varieties of ser-
pentine, anthophyllite, brucite, chlorite, carbonate,
and magnetite (nonchromian). They vary widely in
textural relations and mineral association.

The primary minerals are anhedral to subhedral
grains that form a granular mosaic texture that is
characteristic of many plutonic igneous rocks; the
secondary minerals form irregular interlocking
mosaics, felted aggregates, and diverse fibrous tex-
tures that are characteristic of metamorphic min-
erals; the secondary minerals also show character-
istic zonal relations to one another and to primary
minerals that are indicative of genetic sequence. The
minerals in veins and marginal alteration zones
commonly have a zonal distribution. Chromite grains
and associated rimming minerals show distinctive
zoning. A translucent core of chromite is surrounded
by an opaque rim of chromite or chromian magnetite
and magnetite, which in turn is rimmed irregularly
by chlorite. In many places the chlorite rim is
bordered by fresh olivine; more commonly, the zoned
assemblage is surrounded by antigorite. In some
such associations, zoning in the antigorite adjacent
to the chlorite is indicated by a zonal pattern in the
abnormal interference colors. In a few slides, grains
of opaque chromite in massive serpentinite have par-
tial rims of olivine tightly stuck to the chromite.
Such grains have no rim of chlorite adjacent to the
olivine, but where the olivine rim is absent the
chromite is separated from the enclosing serpentine
by a rim of chlorite.

OLIVINE

In the least serpentinized dunite and peridotite,
olivine forms a mosaic of subequant grains pre-
dominantly 0.5 to 2 mm across and of irregularly
polygonal outline in thin section. A few crystals of
olivine are much larger. One rock specimen con-
tained a single crystal more than 3 cm long and 2 em
thick, which enclosed several small subhedral crys-
tals of olivine of different crystallographic orienta-
tion. All the olivine grains are highly fractured, but

commonly many or most show uniform extinction.
In every thin section, a few grains show undulatory
extinction, and a few grains are twinned; in many
thin sections, most of the grains show undulatory
extinction, and many are twinned. The large single
crystal shows pronounced undulatory extinection and
locally a vague mosaic pattern of areas that extin-
guish at slightly different positions.

In even the freshest rocks, most of the olivine
grains are slightly altered at their boundaries to
bladed serpentine and are locally rimmed by tiny
veins of chrysotile. Serpentine invades many grains
along fractures and cleavage directions, particularly
(010) cleavage. As serpentinization increases, the
control by morphologic and crystallographic features
is less evident. In massive serpentinite, olivine re-
mains only as small, very irregular relict grains.
Marginal zones of such relict grains are somewhat
cloudy. Under very high magnification, these cloudy
zones are seen to contain many closely spaced hair-
line fractures, commonly only 0.002 mm apart, along
which the olivine is serpentinized. Many of the tiny
fractures have a six-rayed stellate pattern.

The olivine shows several distinctive variations in
habit. Inclusion-free grains of olivine are grayish
yellow green (5GY 7/2)® in hand specimen, and
colorless in thin section. Most of the grains show
only an irregular fracture, but many show good
(010) and poor (001) and (021) cleavage. A few
contain conspicuous planes of tiny inclusions, chiefly
of unidentifiable nonopaque grains but also of mag-
netite, along crystallographic directions (021),
(001), and (101). In a somewhat similar manner,
olivine is intergrown in a few places with skeletal
crystals of magnetite so that (021) of the olivine is
parallel to the dominant direction of skeletal growth
of the magnetite. The result of this relation is that
the olivine has apparently inclined extinction, and
such intergrowths are easily mistaken for pyroxene
grains in which magnetite is concentrated along
cleavage directions.

The olivine is generally uniform in optical prop-
erties and shows no systematic variations within the
ultramafic body. The optic axial angle, 2V, is about
85°-90°, the optic sign is (+), 8=1.664-1.671, and
the birefringence about 0.038-0.042.

Although no analyses of olivine separated from
the dunite were obtained, two analyses of the fresh-
est available dunite (analyses 1 and 45, table 1; spe-
cimen numbers AR-13f, AV-248, table 34), com-
paratively free of accessory primary minerals, yield
reliable mineral formulas of olivine, based on cal-

2 Color designations are based on the Rock-color chart of the National
Research Council (Goddard, 1948).
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culated modes. The calculated formulas for the
olivine, corrected for contaminating spinellids, ser-

pentine, and brucite, and reduced to ideal values,
are:

AR-13f:
Mg, osFet2.04811.0004.00s
AV-248:
Mg, .osFet2 058110004 00

The ratio of Fe+2/Mg in the calculated formulas is
0.02-0.025. The ratio of Fe+?/Mg, based on the op-
tical properties (AR-13f: 2V=88° (+), 8=1.66;
AV-248: 2V=88° (+), «=1.644, p=1.664, y=
1.683) (Deer and others, 1962, v. 1, fig. 11), is about
0.05 and 0.06. For AR-13f and AV-248, respectively,
the ratio of total Fe/Mg in the whole-rock analyses
is 0.07 and 0.06, and of Fe+2/Mg, 0.036 and 0.046
(table 1, analyses 1 and 45). Inasmuch as an ap-
preciable proportion of the Fe is contained in mag-
netite and other spinellids and in serpentine, it is
evident that the ratio of Fe+2/Mg in the olivine must
be appreciably lower than in the whole rock. Conse-
quently, the calculated analyses are believed to indi-
cate more reliably than the optical data the propor-
tion of Fe in the olivine, though they may err slight-
ly on the low side because of possibly slightly high
estimates of the proportion of magnetite in the cal-
culated modes.

PYROXENE

Though pyroxene originally constituted as much
as 5 percent of the dunite and 5-10 percent of the
peridotite, it is now largely altered to anthophyl-
lite (?), antigorite, brucite, and magnetite, which
are pseudomorphic after the pyroxene in gross out-
line or retain features of the pyroxene cleavage. Un-
altered pyroxene occurs only very sparsely as scat-
tered relict cores of partly altered grains.

The pseudomorphs after pyroxene are generally
tabular and range in outline in thin section from
irregularly elongate to elliptical or rectangular;
most are 2—-4 mm long and 1-2 mm wide. Some con-
tain blebs and irregular stringers of olivine which
appear to be relicts of inclusions in the pyroxene
and of tiny veinlets of olivine that healed fractures
in the pyroxene.

Unaltered pyroxene is so sparse that it was not
practicable to determine indices of refraction. Other
optical properties, where determinable, were uni-
formly: 2V =60°, optic sign (+), extinction angle
yAc=45°, nonpleochroic, and colorless. On the basis
of these optical properties, the pyroxene is inferred

to be diopside or augite that contains an appre-
ciable content of Fet2,

CHROMITE AND MAGNETITE

Chromite, the sole essential constituent of the
chromitite, is also a common constituent of the
dunite, peridotite, and serpentinite but rarely con-
stitutes as much as 1 percent of the rock. Magnetite,
the sole essential constitutent of magnetite veins, is
commonly a minor constituent of the chromitite and
is a ubiquitous but generally minor constituent of
the dunite, peridotite, and serpentinite; it is also
present in most of the serpentine and other veins,
commonly as a minor constituent but locally in pro-
portions greater than 50 percent.

In the chromitite layers and pods, chromite occurs
as subequant to slightly elongate anhedral grains as
much as 5 mm across, commonly in a closely packed
granular mosaic. The chromite grains are commonly
highly fractured and the fractures filled with platy
serpentine. In some of the chromitite bodies, chro-
mite is the sole spinellid; in others, the chromite
grains are partially rimmed by, veined by, and inter-
grown with varying but subordinate amounts of
magnetite.

The chromite varies appreciably in physical and
optical properties. Hand specimens are black and
have a dull metallic luster; the streak ranges from
brown to brownish gray. The powdered chromite
ranges, in reaction to a hand magnet, from non-
magnetic to weakly magnetic. In polished specimens
from the west peak of Belvidere Mountain and from
the C-area quarry (A-BM-29 and A-BM-53-116;
see section on “Chromitite” under “Igneous rocks,
serpentinite, and veins” in the section on “Ultra-
mafic and associated rocks”), the chromite has the
following optical properties, as observed with an
ore microscope:

A-BM-29: gray in reflected light, having red in-
ternal reflections under crossed nicols; isotropic,
having black cross on white field under conoscopic
observation using crossed nicols; dispersion of the
reflection rotation (Cameron, 1961, p. 115) is DR,
+7>v; not scratched readily with a needle.

A-BM-53-116: light gray in reflected light, no
internal reflections detected, isotropic, black cross
under conoscopic observation using crossed nicols;
dispersion of the reflection rotation not detectable;
not scratched readily with a needle. Magnetite in
A-BM-53-116 is silver white in reflected light,
isotropic, and does not show detectable dispersion of
the reflection rotation.
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In the magnetite veins, serpentine veins, and
brucite-calcite-magnetite veins, magnetite forms
irregular grains and aggregates 0.1-1 mm across; in
addition, magnetite forms fibrous intergrowths with
asbestos in many of the cross-fiber asbestos veins. In
thin section, observed by reflected light, the mag-
netite is light steel gray.

In dunite, peridotite, and serpentinite, spinellids
occur chiefly as grains that fall into three size ranges
of distinctive habit, associations, and properties.
The largest size range consists of euhedral to an-
hedral grains 1-2 mm across, having grossly regular
boundaries. Most have translucent cores that are
dark reddish brown in transmitted light and brown-
ish black in reflected light. Surrounding the trans-
lucent core, and bordering fractures in it, is a shell
of opaque spinellid of slightly higher reflectance. In
massive serpentinite, and in moderately to exten-
sively serpentinized dunite and peridotite, many of
the grains contain a narrow outer rim composed
of an aggregate of tiny grains that are steel gray in
reflected light. The intermediate size group consists
of anhedral opaque grains predominantly 0.1 mm
across. These grains have generally an appearance
in reflected light similiar to that of the inner opaque
shells surrounding the translucent cores of the larger
grains, but some are brighter and grayer. Many con-
tain narrow rims of aggregates of tiny grains hav-
ing steel-gray reflectance. The smallest size group
consists of opaque dustlike particles and tiny grains
and irregular clusters of grains generally less than
0.05 mm across.

Other magnetite is varied in habit but uniformly
steel gray in reflected light. Concentrations of mag-
netite form tabular aggregates along relict cleavage
directions in pseudomorphs after pyroxene and scaly
aggregates of tiny grains 0.1-1 mm in diameter
along schistosity surfaces in serpentinite. Skeletal
crystals in the form of incomplete reticulate net-
works of irregular laths and elongate particles of
magnetite are locally intergrown with olivine.

Though precise data on the variations in composi-
tion of the spinellids are not available, several
chemical analyses of chromite and magnetite, to-
gether with observed variations in optical properties
of the spinellids, provide general information on
their composition.

Chromite in the massive chromitite layers and
pods ranges in composition from near that of the
chromite end member of the spinel series to composi-
tions considerably higher in iron and lower in
chromium. A chemical analysis of massive chromite
(sample A—-BM-29, analysis 41, table 1) yields a cal-

culated formula composition, corrected for serpen-
tine and olivine, of

(Fet?, ;0Mgo4:Mng ;) (CriscFet 2020815 25) Oy,

The atomic ratio of Cr/Fe is about 2.3. A partial
chemical analysis of material from a small chromite-
magnetite vein (sample A-BM-53-116, analysis 42,
table 1) indicates an average atomic ratio of Cr/Fe
of about 0.8. About one-fourth of the material was
magnetite, so for the chromite mixture, the ratio of
Cr/Fe is near 1.1. The total range in composition of
the chromite in the layers and pods is therefore at
least as great as is indicated by these analyses, pos-
sibly greater. Disseminated chromite in the dunite,
peridotite, and serpentinite has a range in optical
properties comparable with that of the analyzed
specimens and probably has a similar range in com-
position. The translucent reddish-brown grains prob-
ably approach A—-BM-29 in composition. The inner
opaque rims and the larger opaque grains probably
have an Cr/Fe ratio as low as or lower than that of
A-BM-53-116, and appreciably less Mg than A-
BM-29.

All the magnetite appears to contain small
amounts of chromium, aluminum, and magnesium,
and lesser amounts of titanium and manganese. An
analysis of magnetic concentrate from the tramp-
iron magnet (sample VT-24, analysis 20, table 1),
which consisted chiefly of magnetite but contained
a small proportion of admixed chromite, is repre-
sented by the following formula:

(Fet?, «Mgo.15) (Fet %1 860060 0.0,) Ou3

an analysis of scaly aggregates of magnetite (sample
A_BM-56-6, analysis 47, table 1) from schistosity
surfaces in serpentinite is represented by the follow-
ing formula:

(Fe+20.9nMgo.no Mny 0. Tio.0s ) (Fet?, .84CI'0.09A10409) 0,.

SULFIDES AND SULFARSENIDES

Sulfides and sulfarsenides occur sparsely in the
dunite, peridotite, and serpentinite. They occur
chiefly as isolated elongate blebs and irregular
grains, but some are intergrown with magnetite.

The sulfides are predominantly pale brassy yellow
in reflected light. Most appear to be pyrite (FeS.),
but some may be pyrrhotite (Fe,_.S).

The sulfarsenides are silvery gray to grayish blue
in reflected light. Specific identification of the min-
erals was not made; elsewhere in Vermont, Clemmer
and Cooke (1936, p. 12) identified gersdorffite in
the ultramafic rocks. Probably, therefore, gers-
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dorflite, and perhaps arsenopyrite, are the principal
sulfarsenides in the ultramafic rocks.

AMPHIBOLE

Two varieties of amphibole occur in the ultra-
mafic rocks: anthophyllite as an alteration product
of pyroxene, and amphibole asbestos in slip-fiber
veins. Anthophyllite is common but sparse in the
more pyroxenic dunite, peridotite, and massive ser-
pentinite. In a few thin sections, many of the grains
of anthophyllite surround relict cores of pyroxene;
most grains, however, contain no relict pyroxene but
preserve the form and cleavage of pyroxene grains
which they have replaced. Many grains of antho-
f‘hyllite are slightly to extensively altered to serpen-
ine. :

The anthophyllite is fibrous in habit. It is com-
monly cloudy and composed of an aggregate of small
grains, so that optical properties are difficult to
determine. The color in thin section is pale clove
brown. The optic axial angle, 2V, is about 90°; in-
dices are about 1.625-1.632; and extinction is paral-
lel to the fiber direction. Positive identification by
optical methods is uncertain, but the mineral prob-
ably is a magnesian anthophyllite. On the basis of
Rabbitt’s (1948, fig. 4, p. 295) chart, it contains
about 5 percent combined FeO+ Fe,0,+ TiO,+ MnO,
which corresponds to a formula composition in
which the ratio of Mg/Fe+ is on the order of 6.

The amphibole asbestos was identified as tremo-
lite-actinolite by George T. Faust (written commun.,
1951).

SERPENTINE

Serpentine constitutes an appreciable proportion
of even the least serpentinized dunite and peridotite
and is the principal constitutent of the massive ser-
pentinite, the schistose serpentinite, and the serpen-
tine veins. The habit and associations of the serpen-
tine are many and varied. Fundamentally, individual
particles are either fibrous or platy, but each kind
has a wide variety of textural relations and habits.

All the serpentine is moderate yellow green (5GY
6/2) to dusky yellow green (5GY 7/2) in hand
specimen and colorless in thin section. Massive ma-
terial commonly is darker because of abundant finely
disseminated magnetite. Asbestiform serpentine is
pale green to almost white when the fibers are sep-
arated and fluffed.

On the basis of optical properties determined by
the authors, and DTA and X-ray studies made by

G. T. Faust (written commun., 1961), all or nearly
all the platy serpentine in the dunite, peridotite, and
serpentinite—that is, exclusive of serpentine veins
and adjacent alteration zones in the dunite and mas-
sive serpentinite—is identified as antigorite, and all
the fibrous serpentine, as chrysotile. Some nearly
isotropic serpentine apparently of platy habit (so-
called serpophite) may be six-layer orthoserpentine.
Some serpentine identified as antigorite appears
crudely fibrous, but under highest magnification it
proves to have a fundamentally platy habit; the ap-
parently fibrous structure results from an excellent
cleavage in very regular laths or flakes, or from the
wispy habit. All the serpentine in the asbestos veins
and the picrolite veins is chrysotile. The serpentine
in the zones of marginal alteration bordering the
serpentine veins is predominantly a mixture of
lizardite and chrysotile, and, locally, minor anti-
gorite. ‘

Platy serpentine is the most abundant type of ser-
pentine mineral; it ranges in particle shape from
bladed, lathlike, or flaky to subequant grains having
very irregular boundaries, and in size from blades
as much as 1-2 mm long to grains, flakes, and shreds
as small as 0.005 mm in maximum dimension. In the
relatively unserpentinized dunite and peridotite,
large blades of platy serpentine commonly occur at
and parallel to grain boundaries, and along cleavage
and other crystallographic directions of the olivine.
Where the olivine has a lattice-oriented fabric, the
blades of platy serpentine are commonly parallel.
Fine-grained platy serpentine commonly invades the
olivine irregularly along grain boundaries and frac-
tures. Platy serpentine that has replaced pyroxene
and anthophyllite generally has a parallel or recti-
linear arrangement of bladed particles.

Large blades of platy serpentine commonly form
diversely oriented, parallel, or reticulate patterns in
a groundmass of fine-grained platy serpentine. In
places, the coarse blades form flamboyant sheaves.
Patches of platy serpentine pseudomorphic after
pyroxene or anthophyllite have a distinctive parallel
or reticulate pattern. In some samples, coarse blades
of platy serpentine form a network that encloses sub-
equant patches of fine-grained platy serpentine, or
of very low birefringent serpentine that is mostly
of platy habit, but that may be in part composed of
diversely oriented submicroscopic fibers. The net-
work of large blades has the same pattern as the
grain boundaries of olivine in the dunite.

Fibrous serpentine is generally markedly subordi-
nate to platy serpentine but locally constitutes as
much as 30-40 percent of the matrix serpentine—
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that is, exclusive of macroscopic asbestos veins. In
one thin section, all the matrix serpentine appeared
to be fibrous. Much of the disseminated fibrous ser-
pentine occurs in microscopic tabular to lenticular
veinlets of cross-fiber asbestos, but in many thin
sections an appreciable proportion forms wispy
bundles and sheaves of parallel fiber not obviously
veinform. All have a silky luster and parallel
arrangement of the fibers. In many or most thin
sections, the apparently nonveinform patches may
result from the thin section just grazing the surface
of tiny lenses of cross-fiber asbestos. That this is
commonly the case is suggested by the observation
that many of the isolated sheaves and bundles of
fibrous serpentine give biaxial positive interference
figures with small to moderate optic axial angles;
such would be the result where the thin section is
nearly parallel to the vein wall, at a large angle to
the fiber axes. (See section on “Mineralogy of the
serpentine group” under “Ultramafic and associated
rocks.”) However, in the samples very high in, or
entirely of fibrous serpentine, the fibers cannot be
veinform. Some patches of very low birefringent
serpentine on which an interference figure cannot
be obtained may be composed of diversely oriented,
microscopically indistinguishable fibers, but most
are of platy serpentine.

Admixtures of fibrous serpentine modify the tex-
tural patterns of platy serpentine in varying degree.
The fibrous serpentine is distributed in tiny tabular
veinlets that reflect the control of grain boundaries,
fractures, and cleavage; in tiny lenticular veinlets;
and in wispy sheaves and bundles. One thin section
in which the matrix serpentine is entirely fibrous
consists of an irregular interlocking mosaic of sub-
equant wispy patches of parallel fibers. The appar-
ent birefringence of the patches ranges from yellow
to dark gray, depending upon the orientation of the
fibers with respect to the thin section. Bundles whose
fiber axes are at a large angle to the thin section
have much the same appearance as very fine gran-
ular antigorite.

Fibrous serpentine in asbestos veins forms fine
silky fibers that have uniformly parallel arrange-
ment. In picrolite veins, it forms bundles and
sheaves of slightly disarrayed and commonly less
distinct fibers; the bundles and sheaves are nearly
parallel and impart a coarsely fibrous or columnar
structure.

In the massive serpentinite, the platy and the
fibrous serpentine combine in an almost infinite

variety of textures, but each is characterized by
various combinations of a few basic textures.

Small blades, laths, and elongate shreds generally
form a felted mass of diversely oriented particles;
not uncommonly, a few of the blades and laths form
a rectilinear pattern in a felted matrix. Coarsely
flaky particles of serpentine range from diversely
oriented to subparallel, and in thin section present a
variable, mosaic to schistose texture. Under crossed
nicols, subequant granular particles of platy serpen-
tine have a texture like that of galvanized metal. In
particular specimens, either the felted texture or the
“galvanized” texture may predominate almost to the
exclusion of the other, or both may characterize the
rock in varying degree. Textures characteristic of
flaky particles commonly characterize an entire sam-
ple, but some samples contain small admixtures of
flaky serpentine dispersed throughout bladed or sub-
equant particles.

ANTIGORITE

All the antigorite is generally similar in optical
properties but varies appreciably within rather
well-defined limits. Abnormal blue interference
colors are characteristic. They range from very pale
blue (5B 8/2) to moderate blue (5B 5/6) ; most are
pale blue (near 5B 6/2). Antigorite next to halos of
chlorite that rims grains of chromite is deeper blue
than the surrounding antigorite. The optic axial
angle, 2V, ranges from 0° to 65°, but is predomi-
nantly less than 20°. The small apparent optic axial
angle may result largely from superposition of layers
having random orientation about the c-axis. The
optic sign is (—), and the sign of elongation (+).
The 8 index of refraction ranges from 1.562 to 1.573
but is predominantly in the range 1.567-1.570. The
« and y indices can seldom be measured reliably, but
minimum o« and maximum y’ indices are seldom
more than 0.003 smaller and larger than the g index.
The apparent birefringence ranges from 0.002 to
0.009 and is generally about 0.003-0.005.

Analyses of pure antigorite were not obtained, but
analyses were made of several samples of rock con-
sisting principally or almost entirely of antigorite.
By correcting for contaminating minerals whose
compositions and proportions in the samples are
fairly accurately known, the approximate composi-
tions of the antigorite can be calculated. The calcu-
lated formula compositions of the antigorite in these
samples are tabulated below.
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Formula composition of antigorite calculated from chemical
analyses of serpentinite

[Corrected for estimated contaminants of magnetite, chlorite,
and carbonate]

AV-81m (VT-4), analysis 3, table 1:
(Mg sFet2, 0 Fet?,1) (Aly:Siz ) 05 (OH) o)
AR-73 (VT-6), analysis 4, table 1:
(Mg; .Fe+2 . Fet3,) (Aly.Siss) 050 (OH) ;.

AV-127 (VT-8), analysis 5, table 1:
(Mg;.Fet2,,) (Al :8i55) 0y 5 (OH) ;.

AV-209 (VT-16), analysis 12, table 1:
(Mg;.Fet?,) (Aly,8i,4) 01,0 (OH) ;.
A-BM-53-12, analysis 21, table 1.
(Mg, Fet2y3) (Aly1Sise) 010, (OH) 0
A-BM-53-1, analysis 30, table 1:
(Mg .Fetz ,Fet?;,,) (Aly.:Siss) Oy (OH) 5

AV-127, analysis 55, table 1:
(Mg;.Fet2, ;Fet3, o5) (Aly1Siss) 0100 (OH):.

CHRYSOTILE

Structural varieties of chrysotile cannot be distin-
guished from one another by optical properties. In
the DTA and X-ray studies, clinochrysotile was spe-
cifically identified in several samples; in other sam-
ples containing chrysotile, the specific structural
type of chrysotile was not identified. Clinochrysotile
predominates greatly over orthochrysotile in world-
wide occurrence. Orthochrysotile was not identified
from deposits in Vermont, but specimens from Thet-
ford, Quebec, contain as much as 7 percent ortho-
chrysotile (Whittaker, 1956b, p. 862; Whittaker and
Zussman, 1956, p. 114-115). Therefore, orthochry-
sotile is probably present in small amounts at
Belvidere Mountain, but subordinate to clinochry-
sotile.

All the chrysotile is colorless in thin section, and
most shows normal first-order yellow birefringence
colors. Some groundmass chrysotile in rock com-
posed largely or entirely of chrysotile has low appar-
ent birefringence that has a faint abnormal blue
tinge. The anomalously low birefringence and ab-
normal color may be caused by superposition of
wispy layers of fibers having different orientations.

Optical properties of the chrysotile are distinctive,
but they vary appreciably in different specimens.
The variable optic axial angle, depending upon the
orientation of the thin section with respect to the
fiber axes, and the positive optic sign, are distinctive
of chrysotile (see section on “Mineralogy of the ser-
pentine group” under “Ultramafic and associated
rocks”). Another distinctive optical property is the

low index relative to that of associated antigorite.
The greater index of refraction, N, probably is gen-
erally near true v; it ranges from 1.538 to 1.562, but
is predominantly in the range 1.545-1.555 and is
always less than the lowest index of associated anti-
gorite. The smaller index of refraction, n, is of less
fundamental significance, because it represents some
average between « and 8. Measured values range
from 1.518 to 1.555 and are predominantly in the
range 1.538-1.548. The highest measured birefrin-
gence was 0.020, but generally it is in the range
0.010-0.015. Extinction is parallel, and the sign of
elongation (+) is parallel to the fiber axes.

Two chemical analyses of chrysotile fiber were
obtained, one of milled fiber (sample A-BM-57-1,
analysis 50, table 1), and one of long silky fiber
intergrown with fibrous calcite (sample AR-55,
analysis 56, table 1). All rock particles and nearly
all the magnetite were removed from the material in
analysis 50 (A-BM-57-1) ; so the analysis is of vir-
tually pure chrysotile. In analysis 56 (AR-565), the
removal of all the magnetite from the material left
a mixture of almost pure calcite (80 percent) and
chrysotile (20 percent). A reliable formula com-
position of the chrysotile was therefore obtained by
subtracting from the analysis amounts Ca, Mg, and
Mn equal to the content of CO.. The calculated
formula compositions are:

A-BM-57-1:
(MgG.OQFe+20.OlFe+3O.13)
(Six.srAlo‘er"'ao‘m) 050 (OH) ¢ -+
AR-55:
(Mgs,lee+zo.07Fe+so.1o)
(Si; 50Ale 0aFe*34,) O0o.6: (OH) g.15.

Analyses of picrolite that is composed essentially
of chrysotile yield the following calculated formula
compositions :

AR-52 (VT-15), analysis 11, table 1:
(Mg, ;Fe+2, .Fet?, Al )

(Si“i,ﬂAl(L—}Fe—“:}OJ) 011.() (OH) N0
AR-64, analysis 54, table 1:
(Mg; ..Fet2, o, Fet? ;Alg.01) (Sis.0:Ale o) O10.0 (OH) ;..
AR-3x, analysis 10, table 1:
(Mg, Fet2 o Fet3 (S, Al oo Fet304,) 0,5 (OH) s ..

Analysis 10 agrees reasonably closely with the
ideal formula; analysis 54, somewhat less so. Sam-
ple AR-52, analysis 11, contained appreciable but
undetermined amounts of brucite and magnesite,

which accounts for the high content of Mg. Despite
their limitations, the analyses do indicate a low con-



40 ASBESTOS-BEARING ULTRAMAFIC ROCKS OF BELVIDERE MOUNTAIN AREA, VERMONT

tent of Fe+2, Fe+?, and Al in the chrysotile in picro-
lite veins.

LizARDITE

Lizardite is generally indistinguishable from anti-
gorite in habit and optical properties. None was dis-
tinguished optically, but it was identified by X-ray
and DTA studies in the zones of marginal alteration
(George Faust, written commun., 1961). The platy
serpentine in these zones of marginal alteration,
which is the lizardite, has the general appearance
and optical properties of antigorite.

Analyzed samples (table 1, analyses 2 [AR-13f,
VT-2] and 52 [A-BM-57-3]) of rock from alter-
ation zones bordering chrysotile veins consisted al-
most entirely of lizardite and minor amounts of
chrysotile (identified on the basis of DTA and X-ray
analysis), brucite, carbonate, and magnetite. Most
of the magnetite was removed from sample AR-13f
(VT-2) before analysis, leaving as significant con-
taminants only brucite and magnesite. Sample A-
BM-57-3 contained microscopically determined
amounts of brucite, magnesite, and magnetite. Thus,
for each analysis, the formula composition of the
serpentine mixture could be determined with con-
siderable accuracy. The calculated formula composi-
tions, therefore, represent rather closely the compo-
sition of the lizardite. They are:

AR-13f (VT-2):

(Mg;.s.Fet2, Ni; o.Fet?, )
(Si3.86A10.08Fe3+0.06) 0y.-1 (AH) ¢ 1.

A-BM-57-3:

(Mg; - Fet3) 0, Nig osFet3)4,)
(Si3.79A10.16Fe+30.05) 010,04 (OH) - g.

SIX-LAYER ORTHOSERPENTINE

No six-layer orthoserpentine was positively iden-
tified in the ultramafic rocks of the Belvidere Moun-
tain area. The nearly isotropic serpentine locally
abundant in the dunite and massive serpentine and
tentatively identified as possibly six-layer orthoser-
pentine has indices similar to those of antigorite,
negligible birefringence, and no discernible struec-
tural habit. No information is available on the chem-
ical composition.

CHLORITE

Chlorite is a common accessory mineral of the
ultramafic igneous rocks and serpentinite. It gener-
ally constitutes less than 2 percent, and rarely as
much as 5 percent of the rock. Most of the chlorite is

associated with chromite and the larger grains of
magnetite, forming complete or partial coronas
which separate the grains from surrounding anti-
gorite. In some of the schistose serpentinite, the
chlorite occurs in isolated flakes or irregular patches
of flakes adjacent to the spinellid grains, but not in
distinctive coronas. In a few thin sections, chlorite
is interlayered with antigorite in pseudomorphs
after pyroxene.

All the chlorite has similar optical properties: 2V
=0°-20°, optic sign (+), sign of elongation (-),
abnormal brown to pale-green and yellow-orange
interference colors, 8=1.565-1.587, birefringence
very low. On the basis of these optical properties, the
chlorite is inferred to range in formula composition
from about

(Mg;.Fet?,,Al, ;) (SissAl, ;) 0, (0H),
to

(Mg, .Fet?,5Al, ) (8i;0Al,0) 01 (OH)-.
(See Chidester, 1962, p. 44-46, fig. 14.)

BRUCITE

Brucite is a common constituent of the ultramafic
rocks and associated veins. It is generally a minor
component of the slightly serpentinized dunite and
peridotite and locally a major component of the ser-
pentinite, in which it occurs as disseminated flakes
and irregular aggregates of flakes. It is locally inter-
grown sparsely with chrysotile in cross-fiber asbestos
veins and is a major component of many veins of
columnar picrolite. Brucite is an essential constit-
uent of the marginal zones of alteration that border
cross-fiber asbestos and cross-column picrolite veins
and is commonly associated with magnetite and cal-
cite in veinform aggregates.

The brucite ranges in habit from flaky to fibrous.
Observed optical properties are: uniaxial, optic sign
(+), sign of elongation (—), «=1.566-1.573, bire-
fringence~0.11. These optical properties indicate a
composition near that of the end member, Mg (OH).,
having at most only a small content of Fe+2.

CARBONATES

Magnesite, calcite, and dolomite are almost ubiqg-
uitous accessory constituents of the serpentinized
ultramafic igneous rocks and of the several kinds of
veins, and not uncommonly are major components.
Generally only one species is present in a single hand
specimen. Where more than one is present, the differ-
ent species are generally distinguished by different
habits or associations.
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Magnesite, the most abundant carbonate mineral
in the ultramafic rocks, is generally sparse or absent
in the least serpentinized dunite and peridotite but
constitutes as much as 20 percent of massive and
schistose serpentinite. The magnesite occurs in the
massive serpentinite and partly serpentinized dunite
principally as disseminated grains about 1-2 mm
across, less commonly as aggregates of small grains.
In the schistose serpentinite, it commonly forms
small irregular masses and veins and locally is segre-
gated in thin lenticles parallel to the schistosity.
Measured indices range from »=1.700 to »=1.705,
indicating a composition near pure magnesite,

Calcite is associated principally with veins, in
which it varies widely in abundance and habit; it
occurs only sparsely in the serpentinite, in the form
of dispersed grains and small lenticles. In cross-fiber
asbestos veins, caleite is locally intergrown in fibrous
or feathery form with the chrysotile or forms irreg-
ular patches within the vein. In cross-column and
massive picrolite veins, calcite forms irregular, com-
monly flamboyant, intergrowths with the chrysotile.
In masses of long slip-fiber chrysotile asbestos, finely
fibrous calcite—megascopically distinguishable from
the chrysotile asbestos only by its brittleness—com-
monly forms as much as 50 percent or more of the
asbestiform mass. Granular calcite is commonly as-
sociated with brucite or calcite, or both, in small
veins in the dunite, peridotite, and massive serpen-
tinite.

Calcite in all the associations shows only a small
range in optical properties, from «=1.658 to o=
1.660. These properties indicate a composition near
that of pure calcite, CaCO..

Dolomite occurs sparsely in small veins in both the
massive and the schistose serpentinite. Measured
indices of w=1.684 indicate the composition of a
somewhat magnesian dolomite.

GRAPHITE

Graphite occurs sparsely to abundantly in a small
proportion of the serpentinite. It is confined to a few
thin coarsely flaky layers in the massive serpentinite,
to coarsely fibrous picrolite veins in such layers, and
to relatively minor, but appreciable, volumes of
schistose serpentinite. The graphite is disseminated
sparsely in irregular cloudy patches in the flakes and
shreds of serpentine and is concentrated moderately
to heavily at the margins of flakes of serpentine and
along slip cleavage surfaces and tiny shear zones in
the schistose serpentinite. Thin sections of graphitic
massive serpentinite contain 1-19 percent graphite;

thin sections of schistose serpentinite, 5-37 percent.
Specimens of massive serpentinite that were ana-
lyzed chemically for graphite (analyses 25, 26, and
30, table 1) contained 1.4-14.4 percent.

All the graphite is very fine grained and may be
partly amorphous. X-ray powder photographs of
graphitic serpentinite show only the strongest lines
of graphite (Fred A. Hildebrand, written commun.,
Oct. 13, 1955; Nov. 9, 1955). Some of it, however,
particularly that concentrated along grain bound-
aries and in shear zones, shows flashes off crystal
faces and is silvery gray in reflected light.

STEATITE, TALC-CARBONATE ROCK, AND
CARBONATE-QUARTZ ROCK

Steatite, talc-carbonate rock, and carbonate-quartz
rock are associated with the ultramafic bodies in dis-
tinctive structural and petrologic relations. The
three rock types are completely intergradational, but
the compositional range and the association of rock
types is related to structural setting. Tale-carbonate
rock and steatite form concentric shells at the
margins of ultramafic bodies, and quartz is very
sparse or absent in such bodies. Talc-carbonate rock
and carbonate-quartz rock are associated within
ultramafic bodies as irregular or lenticular masses
whose distribution suggests control by faults or
shear zones. In the Eden quarry ultramafic body, the
masses labeled “Oute” near grid line 94,000 E. (pl.
1) are predominantly of variably quartzose tale-
carbonate rock in which no zonal distribution pat-
tern is discernible. Near the south end of the Corez
Pond body, carbonate-quartz rock and talc-carbonate
rock show a zonal relation; tale-carbonate rock is
marginal to a central mass of carbonate-quartz rock.
Relations with nearby serpentinite are not exposed,
but talc-carbonate rock appears everywhere to inter-
vene between serpentinite and carbonate-quartz
rock.

Grains of chromite and magnetite are sparse relict
igneous minerals in all three rock types. Table 4
contains selected modes of the end-member rocks and
of some transitional types.

STEATITE

Steatite forms thin shells a few centimeters to a few
meters thick at the outer margins of the small lenses
of ultramafic rocks northeast of the Lowell quarry
body, west of the Eden quarry body, and near the
southeast corner of the Belvidere Mountain area
(pl. 1). In the stripped area centered at 100,900 N.,
97,200 E. (figs. 5, 11), along the northeast contact of
the Lowell quarry body, thin seams of steatite that
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TABLE 4.—Selected modes of steatite, talc-carbonate rock, and carbonate-quartz rock
[Tr, tracel
Spe;:li)x‘nen Tale (iifrl:gxl:}ze Quartz Tremolite Chlorite Sphene Magnetite n?i‘xlllsliels Graphite
Steatite
A-BM-126 ____ 97 - _— 3 —— — Tr - -
A-BM-53-3 ___ 99 — _— . 1 - - - —
T2-6-652 _____ 70 __ __ 30 <1 - — - -
T2-8-1204 ____ 96 - __ i - _— <1 - 4
Talc-carbonate rock
AV-=212 _______ 88 10 - —— - - Tr 2 -
EQ-1-175 ____. 60 40 __ - - _— — Tr _—
EQ-5-94 ______ 87 10 __ - 2 1 . - -
T-32-568 _____ 60 40 — - Tr . Tr - _—
T-32-664 _____ 60 40 _ - - - <1 - -
Carbonate-quartz rock
A-BM-108 ___._ 45 45 9 - - - 1 _— _—
A-Ch-56-535¢ _ 1 70 29 _— Tr - — — -

swell locally into pods as much as 2 m thick extend
along bedding surfaces for tens of meters beyond the
ends of serpentinite lenses.

Steatite is relatively rare in the main ultramafic
body. It is exposed at the contacts only near 102,000
N., 94,300 E., and 99,000 N., 92,000 E. (pl. 1). Sev-
eral diamond-drill holes in the vicinity of these ex-
posures, and at the south end of the Corez Pond
body, penetrated as much as 1 m of steatite at the
lower contact between the ultramafic body and the
country rock.

The steatite is uniformly fine grained, commonly
schistose but locally massive, and medium gray to
light greenish gray on fresh surfaces. Weathered
surfaces are pale buff to light brownish buff. In some
places, steatite in the outer part of the zone containg
streaks and knots of minerals and subtle variations
in color and texture that impart a faint layering
similar in pattern to that in the adjacent country
rock.

The steatite consists of a fine-grained aggregate
consisting of shreds and flakes of talec predominant-
1y 0.01 to 0.1 mm long but locally as long as 0.3 mm.
In the schistose steatite, narrow shear zones 0.001 to
0.01 mm wide, within which the particles are uni-
formly alined, are separated by zones 0.005 to 0.1
mm wide, in which the particles range from diverse-
ly oriented to uniformly parallel to the shear zones.

The steatite is composed essentially of tale, but
chlorite and dusty magnetite are sparse accessory
constituents throughout the rock. Magnesite occurs
in the transition zone between steatite and talc-car-
bonate rock, and tremolite or abundant chlorite occurs
in the zone transitional into tremolite rock or black-
wall chlorite rock. Relict grains of the igneous min-

erals chromite and magnetite are distinctive of the
inner and major part of the steatite zone. Relict
grains of sphene, apatite, and, rarely, other minerals
of the country rock are distinctive of a narrow outer
part of the steatite zone, particularly where relict
layering is preserved.

TALC-CARBONATE ROCK

Talc-carbonate rock constitutes the central core,
or forms an envelope from a few centimeters to sev-
eral tens of meters thick about a central core of
serpentinite, in the small ultramafic lenses northeast
of the Lowell quarry body (pls. 3 and 4D), west of
the Eden quarry body, and in the southeast part of
the map area (pl. 1). Tale-carbonate rock also forms
large irregular masses in the Eden quarry body and
the Corez Pond body.

The talc-carbonate rock consists of a fine-grained
groundmass of tale throughout which are dispersed
abundant single crystals and aggregates of mag-
nesite. The porphyroblasts of magnesite range in
size from less than 1 mm to as large as 3 ¢m and
impart a faint mottling to the rock, which varies
from medium gray to light greenish gray. Weathered
surfaces are rusty reddish brown. The rock is pre-
dominantly massive but locally has a crude spaced
schistosity. Some of the massive talc-carbonate rock
has faint layering resembling that of the dunite and
massive serpentinite.

The composition of the tale-carbonate rock varies
widely, on a small scale throughout the rock body
and on a large scale in transition zones into serpen-
tinite, carbonate-quartz rock, and steatite. Outside
the transition zones, representative samples contain
about 60 percent tale and 40 percent magnesite.
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Relict igneous minerals and dusty magnetite com-
monly constitute less than 1 percent of the rock, and
chlorite is locally present in small amounts.

CARBONATE-QUARTZ ROCK

Carbonate-quartz rock forms an appreciable mass
only at the south end of the Corez Pond body, near
the center of a larger mass of talc-carbonate rock.
Quartz occurs erratically in small to moderate
amounts in the irregular bodies of talc-carbonate
rock in the Eden quarry body and in the small pod
of ultramafic rock near 91,500 N., 101,000 E. (pl. 1).

The carbonate-quartz rock is medium to light gray
or greenish gray and generally retains the gross ap-
pearance of the serpentinite from which it was
derived. Quartz forms a mosaic of anhedral grains
0.02 to 0.2 mm across, throughout which anhedral
grains, rhombs, and aggregates of magnesite 0.1 to
2 mm across are irregularly interspersed. In the
typical specimen, magnesite constitutes about 70 per-
cent of the rock and quartz, 30 percent. Grains of
chromite and magnetite occur as sparse relict igne-
ous minerals. Small amounts of dusty magnetite and
shreds of talec are common accessories.

MINERALOGY AND PARAGENESIS

Steatite, tale-carbonate rock, and carbonate-quartz
rock are composed chiefly of tale, magnesite, and
quartz that have characteristic felted and interlock-
ing mosaic textures. Relict minerals of the preexist-
ing rocks are volumetrically negligible but are diag-
nostic of the metamorphic origin of the steatite, talc-
carbonate rock, and carbonate-quartz rock. Granular
magnetite, chromite, pyrite, and sulfarsenide are
relict minerals inherited from the igneous rocks.
Dustlike particles of magnetite, chlorite associated
with magnetite grains, and serpentine are relict min-
erals of the serpentinite. Chlorite and sphene in the
outer part of the steatite zone are relicts of incom-
plete alteration of the blackwall chlorite rock.
Graphite is a relict mineral of the graphitic schist,
amphibolite, and serpentinite.

TALC

Tale occurs in shreds and flakes generally less than
0.5 mm long. The optical properties are generally
uniform. The optic axial angle, 2V, is small to mod-
erate. The p-index of refraction varies through a
small range, from about 1.588 to 1.591. Maximum
interference colors indicate a birefringence of about
0.045.

Chemical analyses of tale similar in optical prop-
erties and geologic occurrence elsewhere in Vermont
indicate a composition of about

(Mgs.eFe+20.3Alo.1) (8Si; Al ;) 02 (0H) .,

(see Chidester, 1962, p. 79-80). The talc in the Belvi-
dere Mountain area is inferred to have about the
same composition.

CARBONATE

Only magnesite was noted in the talec-carbonate
rock and carbonate-quartz rock, but calcite and dolo-
mite in small amounts may possibly exist as relict
minerals of the serpentinite. The magnesite occurs
as anhedral to rhombic grains as much as 1 mm
across and aggregates as large as 3 em.

The o-index of refraction ranges from 1.700 to
1.720. Analyzed carbonate minerals that have a simi-
lar range in index from ultramafic rocks elsewhere
in Vermont range in composition from about pure
magnesite, MgCO;, to about

(Cao.01Mgo.ssFe+20.13) CO..

QUARTZ

Quartz in the carbonate-quartz rock is uniformly
fine grained and uniformly shows normal extinction.
In rock containing little or no tale, inclusions are
relatively rare except for magnesite grains enclosed
in aggregates of quartz grains. In rock containing
moderate to abundant tale, quartz grains and ag-
gregates commonly enclose numerous shreds of tale
as well.

OTHER MINERALS

Relict grains of chromite, magnetite, and sulfides
and sulfarsenides differ little from those in the
dunite, peridotite, and serpentinite (see section on
“Chromite and magnetite” under “Mineralogy and
paragenesis” in the section on ‘Igneous rocks, ser-
pentinite, and veins”) and are inferred to have
changed little or not at all in composition. Locally,
grains of magnetite and chromite appear to have
been replaced slightly by carbonate.

Chlorite is a sparse relict of serpentinite or occurs
in steatite transitional into blackwall. The optical
properties and inferred composition are like those of
chlorite in serpentinite (see section on “Chlorite”
under “Mineralogy and paragenesis” in the section
on “Igneous rocks, serpentinite, and veins”) or in
the blackwall (see section on “Chlorite” under “Min--
eralogy and paragenesis” in the section on “Contact
rocks”).
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Graphite persists as a relict mineral only rarely in
thin shear zones and along schistosity surfaces.
Sphene is a rare relict mineral inherited from schist
or amphibolite.

CONTACT ROCKS

Each of the three main associations of contact
rocks—rodingite and serpentinite-chlorite rock, stea-
tite and blackwall chlorite rock, and tremolite rock
and chlorite rock—conforms generally to broad regu-
lar patterns of interrelations and mineral assem-
blages but varies considerably in detailed relations,
in the proportions of major minerals, and in the
identity and proportions of accessory minerals (see
beginning discussion in section on “Ultramafic and
associated rocks”).

As the ultramafic bodies are generally conform-
able with bedding schistosity in the enclosing coun-
try rocks, the boundaries of the contact rocks also
generally conform grossly with the bedding schis-
tosity. Where the ultramafic bodies crosscut the bed-
ding and where the configuration of the contact
rocks is controlled by joints and shear zones, the
boundaries of the contact rocks are grossly crosscut-
ting; where the boundaries of a contact rock are
irregular and the amplitude of the irregularity is
appreciably greater than the thickness of bedding in
the adjacent country rock, the contacts are crosscut-
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ting in detail. At such places, wherever layering can
be traced from one rock type to another, there is no
discernible difference in thickness of layers in the
different rock types, nor is there discontinuity in the
bedding surfaces at the contacts between rock types.

Table 5 contains selected representative modes of
contact rocks. Table 6 contains modes of selected
suites of specimens across contacts between ultra-
mafic rocks and several kinds of country rock; it is
intended to illustrate the variable and complex com-
positional relations of contact rocks.

THE RODINGITE AND SERPENTINE-CHLORITE ROCK
ASSOCIATION
Rocks of the rodingite and serpentine-chlorite rock
association border serpentinite at contacts with the
country rocks and at the margins of inclusions
throughout almost the entire Lowell quarry body, in
much of the Eden quarry body, and in probably a
smaller proportion of the Corez Pond body. The as-
sociation occurs both where the adjacent country
rock is schist and gneiss, such as at the northeast
margin of the Lowell quarry body, and where it is
amphibolite, which borders much of the main ultra-
mafic body elsewhere. The serpentine-chlorite rock
zone is immediately adjacent to the serpentinite; the
rodingite zone is adjacent to the unaltered country
rock.

TABLE 5.—Selected modes of contact rocks

Carbon-

s s Vesu- Epidote . Sulfide
Specimen Diop- : Gar- PG Preh- Serpen- Chlo- Tremo- Bio- ate  Apa- . Ilme- Magne- = ¢ Gra-
No. side ;;::’; net O;Dcilsli';g' nite tine rite lite Tale tite ;x;xari; tite Rutile Sphene nite tite :;:1‘5 phite
A. Rodingite
TPT-Vt-10 _._ 292 - 21.6 25.0 . __ 19.6 __ - - - - - 4.3 0.3 - - -
AR - 50 30 _— - - 20 - - - Tr Tr _— . - - - -
31.0 4.6 3.3 49.5 - _— 7.1 - . - 0.3 - - 4.2 . - - -
10 4 70 . - - 15 - - - . - o 1 - - _- -
40 Ty 33 24 - - - - - - - . - 2 - - 1 --
65 _ 30 5 - - __ . - - - . - Tr - . Tr -
89.4 - 3.3 .3 - - 5.4 . . 1.1 _ - - Tr - - 4 -
41.7 - 10.4 324 2.0 - - - - 8.2 5.1 - - 2 - - - --
3.8 31.2 45.4 - - - 19.6 - - - - - - — - - - -
35 40 25 _— - . . __ . - - - - - - _— - -
B. Serpentine-chlorite rock
TPT-Vt-11 ____ - - - - __ 23.7 67.4 . __ __ - - - - 8.9 — - -
AR-20 ________ . - - - - 51.1 45.5 - __ - - - - - 3.4 - . -
AV-ba ________ - - - __ . 60 30 . . __ . 2 - - 8 - - -
AV-90 ________ - - - - - 48.8 50.3 - - - - . - - .9 -- -- -
AV-238 _______ 4.0 - - . 94.1 .3 - - - - - - - - 1.6 — - -
AV-241 _______ 1.1 o - __ 90.3 3.9 . - . __ - _ . __ 4.7 - - -
C. Blackwall chlorite rock and tremolite-chlorite rock
A-BM-82 ______ - - - - - . 97 . - - - - 1 - - - — 2
A-BM-109 _____ - - - - __ . 97 . __ - __ __ 3 - - - - -
A-BM-53-41 __ - - - 3 _ . 88 . - _ _ - . 9 - - - -
EQ-1-740 _____ - — - 1 - __ 89 . . - - Ty . 10 - - - -
T-67-1004c ____ _— - - <1 - - 97 _— _— - - - 1 - 2 - -
AV-206 _______ . - - = . _ 73.7 7.4 . 8.6 - 4 - 9.9 o . - -
A-BM-140 _____ - - __ . - - 25 70 - - — __ - - - - -
A-BM-53-57 .. __ _ - - __ - 20 30 - __ - — - - - - - 50
AV-204 .______ - - - - - - 11.9 88.1 - - . - - - - . -
AV-205 __.____ - - - - - - 6.3 93.6 - - - - - - - - 0.1
AV-203 ___.___ - - . - _ __ 5.0 94.8 __ - - - - _- - - 2 -

A-BM-130 ____  __ o - - - - 1 99
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Both the rodingite and the serpentine-chlorite rock
show variations related to structure or to lithology of
the adjacent country rock or to both. The rodingite
is uniformly about a meter thick where the adjacent
country rock is schist or gneiss in conformable con-
tact with the ultramafic body. Where the adjacent
country rock at conformable contacts is amphibolite,
the rodingite is commonly only a few centimeters or
decimeters thick. Serpentine-chlorite rock, on the
other hand, shows no significant variations in thick-
ness related to lithology, ranging generally from 2 to
8 cm thick at conformable contacts. The rodingite is
conspicuously thicker—in several places as much as
3 m—in both amphibolite and schist or gneiss where
the contact of the ultramafite is strongly crosscutting
and where septa and inclusions of country rock in
the ultramafic body are highly sheared and frac-
tured. The serpentine-chlorite rock varies less
markedly in thickness but is noticeably thicker at
some structural irregularities, particularly where
thin tongues of serpentinite penetrate along bedding
planes of country rock at crosscutting contacts; such
composite zones are as much as 1 m thick. Along
joints that intersect the ultramafic contact, the ser-
pentine-chlorite rock zone tapers from 5 em thick to
zero. In addition to such variations in thickness, the
rodingite shows conspicuous variations in texture
and grain size related to joints and shear zones.

Contacts reflect the intrusive or replacement rela-
tions of the associated rocks. The contact between
serpentine-chlorite rock and serpentinite is generally
regular and sharp but is commonly difficult to pin-
point because of the similar appearances of the two
rock types. In many places, the contact is a shear sur-
face; elsewhere, the junction of the two rocks is
tight. The contact between serpentine-chlorite rock

and rodingite is very irregular and is gradational |
| veins are in the rodingite and serpentine-chlorite

over a very short distance—commonly less than 1
mm (see fig. 7). The contact between rodingite and
country rock is variable. In most places, the grada-
tion takes place over a distance of 2 cm or less. In
some places, particularly in the coarse amphibolite,
the rodingite grades irregularly into unaltered coun-
try rock over a distance of several centimeters to
several decimeters; not uncommonly, such grada-
tional zones contain an unusually large proportion of
chlorite.

In a few places, clear-cut zonal relations of con-
tact rocks are not apparent. At the contact between
serpentinite and coarse amphibolite at the west edge
of the Eden quarry, no well-defined serpentine-
chlorite rock and rodingite zones border the ser-
pentinite. (fig. 4). Rather, a single zone, variable

¥

FIGURE 7.—Photograph of contact between serpentine-chlorite
rock and rodingite, northeast side of Lowell quarry. The
rodingite, under the hammer, is pale buff, the serpentine-
chlorite rock dark bluish green.

in width, consists of variable proportions of diop-
side, chlorite, and relict minerals of the amphibolite.
Along the southwestern margin of the Lowell
quarry body, serpentine-chlorite rock projects in
narrow fingers beyond the rodingite zone along
many of the numerous joints and small faults that
intersect the contact of the ultramafic body; in a
few places, the serpentine-chlorite rock is bordered
at the outer margin by amphibolite, without an in-
tervening zone of rodingite.

Irregular veins of coarse chlorite, calcite, and
magnetite are associated with the rodingite and
serpentine-chlorite rock in a few places at the east-
ern edge of the Eden quarry body and at the south-
western end of the Lowell quarry body. Most such

rock but some penetrate into the serpentinite for
a few centimeters. The veins appear to be largely
fracture controlled, but in detail the boundaries are
commonly slightly irregular and locally very ir-
regular.

RODINGITE

Rodingite occurs in two distinctive textural varie-
ties, each in a distinctive structural setting. That in
structurally simple settings is uniformly fine grained
and of dense flinty appearance. That in and im-
mediately adjacent to highly fractured and sheared
zones is coarser grained and more varied in ap-
pearance. At the margins of the highly fractured
zones, the coarse rodingite grades irregularly into
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TABLE 6.—Modes of selected suites of specimens
[Tr,
Distance (em) into
the_ultramgﬁt(;.) 'l:)}:iy
Specimen No. (con)t;c(l’cr 1':ck and Setli'gzn- (33'?:: M:i%:e- Tale T}'i?:o- (i'}i":g-

country rock (),

measured normal to

the contact
A. Contact of the rodingite and serpentine-chlorite rock type in graphitic schist of the Hazens Notch
AV-ba-1 _______ Serpentine-chlorite rock _________ +6 60 —_ 8 —_— 30
AV-5a-2 .. ____ Rodingite __ - ______ 47 o — —— — - 15
AV-5b _____________ d0 . +9 - - —— - - 3
AV-be _____________ do . +12 . S I - S -
AV-5d - _____ d0 . +21 I I - —— — Tr
AV-be _____________ do - 128 __ o S - - 3
AV-6 do - +152 o S — — _— —
B. Contact of the rodingite and serpentine-chlorite rock type in graphitic schist of the Hazens Notch formation
AV-131a _______ Rodingite ______________________ +9 — - - _— -—- -
AV-131b ___________ do o __ +91 — - e — - -
AV-13le _______ Transition rodingite-schist ______ +167 —— - 3.7 ___ - ——
AV-131d _______ Hornblendic graphitic schist ___.__ 4229 S — S S - 4.2
C. Contact of rodingite and serpentine-chlorite rock type in coarse amphibolite of the Belvidere Mountain
A-BM-117a ____Rodingite ______________________ +3 - . Tr — — 8
A-BM-117b ________ d0 +9 R - I — - 95
A-BM-117e ________ do o +-24 . S S — S 73
A-BM-117d ________ d0 . 430 o - o - - 22
A-BM-118 _____ Amphibolite ____________________ +122 e S - - - 6
D. Contact of the rodingite and serpentine-chlorite rock type in fine amphibolite of the Belvidere Mountain
[Serpentine-chlorite rock containing irregular lenses
AV-243 ________ Serpentinite ____________________ —1 938 ___ 6.0 ___ _— _—
Av-242 ________ Rodingite ______________________ +6 R - — - . 19.6
AV-241 ________ Serpentine-chlorite rock _________ +15 90.3  ___ 4.7 . - 3.9
AV-240 ________ Serpentinized rodingite __________ +30 88.3 _.__ 9 - — 3
AV-239 ________ Rodingite ______________________ 440 o o 7.2 . —— 8.8
AV-238 ________ Serpentinized rodingite __________ +49 94.1 1.6 __. R ——
AV-237TA ______ Rodingite ______________________ +-63 - — 10 - - 33
AV-237TB __________ do - +64 o - Tr — N 24
AV-237C __________ dO e 166 e — Tr _— - 6
E. Contact intermediate between the steatite and blackwall type and the tremolite and chlorite rock type
[Drill hole inclined about 70° to bedding schistosity. Last set of
T2-6-584 ______ Serpentinite ____________________ _ 98 . 2 —— Tr _—
T2-6-652.5 _____ Tremolitic steatite ______________ _ o Tr o 70 30 Tr
T2-6-654 ______ Tremolite-chlorite rock ___._______ Contact - — - Tr 60 40
T2-6-655 ______ Tremolite rock __________________ - - - - - 98 2
T2-6-656 ______ Schist o ___. _ - — Tr — S 8
T2-6-658 __________ do o __ - - - S - ——- —
T2-6-692 __________ d0 oL - - - 1 — - 13
F. Contact intermediate between the steatite and blackwall type and the tremolite and chlorite rock type
[Drill hole inclined about 60° to bedding schistosity. Last set of
T2-8-1195 _____ Serpentinite ____________________ _ 83 e 2 I o ——
T2-8-1202 _____ Graphitic serpentinite ___________ - 83 1 6 - — —
T2-8-1204 _____ Graphitic steatite _______________ _ o - Tr 96 _— ——
T2-8-1205 _____ Graphitic tremolite rock _________ Contact o — — - 98 ——
T2-8-1206 _____ Graphitic schist ______.__________ _ e - - - 2 —
G. Contact of the tremolite and chlorite rock type in coarse amphibolite of the Belvidere
AV-202 ________ Tremolite rock __________________ Contact - S Tr S 100 Tr
AV-203 ________ Tremolite-chlorite rock _.________ +21 - - - —— 94.8 5.0
AV-204 . __________ do +40 o o - — 88.1 11.9
AV-205 ____________ d0 +46 — . - - 93.6 6.3
AV-206 ________ Chlorite-tremolite rock __________ +82 o I o o 7.4 3.7
AV-207 ________ Amphibolite ____________________ 4326 — - — - _— 8.9
AV-208 ____________ do o ____ +570 ——_— _— - - - 7.9
H. Contact of the tremolite and chlorite rock type in coarse amphibolite of the
A-BM-53-45 ___Serpentinite ____________________ —122 96 e 3 — _— Tr
A-BM-53-44 _______ do . —24 97 o 3 I — —
A-BM-53-43 _______ do o __ -3 100 I Tr _— —— ——
A-BM-53-42 ___Tremolite rock _________________ +18 - o - - 95 5
A-BM-53-41 ___Chlorite rock _._________________ +46 I e __ —_— N 88
A-BM-53-40 ___Amphibolite ____________________ 4152 - S - - - 4
A-BM-53-39 _______ do _ o ____ 4244 - - - — . 2

1 Veins.
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the dense flinty rodingite, commonly within a few
centimeters.

FINE-GRAINED RODINGITE

The fine-grained, dense, flinty rodingite is light
bluish gray, light greenish gray, or pale buff. Layer-
ing, on the scale of that in the bordering schist,
gneiss, or amphibolite, is typical of most of the rock
and is marked by faint differences in color that are
accentuated by weathering. Though generally rather
uniform in megascopic appearance, the rock shows
considerable variation in mineralogy and in micro-
fabric. :

Significant variations in mineralogy are predomi-
nantly on a scale larger than that which can be seen
in a hand specimen, but some thin sections show
significant variations within the area of the section,
and a few show different assemblages of minerals in
adjacent layers. The principal assemblages observed
are:

diopside-clinozoisite
diopside-clinozoisite-garnet
diopside-clinozoisite-garnet-chlorite
diopside-clinozoisite-garnet-chlorite-vesuvianite
diopside-clinozoisite-garnet-vesuvianite
diopside-clinozoisite-garnet-prehnite
diopside-clinozoisite-chlorite
diopside-clinozoisite-prehnite
diopside-garnet-vesuvianite
diopsite-garnet-vesuvianite-chlorite
diopside-chlorite- (magnetite)
clinozoisite-garnet-chlorite
clinozoisite-chlorite
garnet-chlorite-vesuvianite- (magnetite)

In addition to the major minerals, sphene is an
almost ubiquitous accessory mineral, and apatite,
rutile, magnetite-ilmenite, and calcite are common
accessories. Quartz, hornblende, sulfides, graphite,
biotite, and plagioclase are common and locally
abundant relict minerals of the country rock; micro-
cline is very rare.

The variations in mineralogy conform generally
to two patterns. One type of variation is related to
position in the rodingite zone and to local structural
controls. Diopside and clinozoisite predominate at
the inner margin, clinozoisite and chlorite at the
outer margin; garnet and vesuvianite, though ir-
regular in distribution and absent from much of
the rodingite, are most abundant at the inner mar-
gin of the zone and adjacent to coarse rodingite as-
sociated with fractures and shear zones. The second
type of variation is unrelated to position in the zone,

but reflects original differences in composition of the
country rock from which the rodingite was derived.
This type of variation is exemplified by the different
assemblages of minerals in different relict beds in
a single specimen.

Textures of the fine-grained rodingite may be
grouped into only a few basic types, which in slight
variations and different combinations contribute
considerable textural diversity to the rock. Much of
the rock is a fine-grained mixture of constituents
resolvable only under high magnification. Some con-
sists of an equigranular aggregate of subequant
serrated grains that are readily resolvable under
the microscope. A third type consists of small sub-
equant grains of one or more mineral species, in-
terstitial to which other mineral species form ir-
regular patches, shreds, and wispy flakes. In a few
places, groundmass material having one of the
above basic textures contains conspicuously larger,
diversely oriented, tabular crystals of diopside. Some
of the rodingite derived from amphibolite consists
of a fine-grained groundmass throughout which are
scattered larger, rounded grains 0.1 to 0.5 mm
across. Most of the rounded grains are zoned clino-
zoisite; a few are diopside. All these textural varie-
ties locally contain small veinform or irregular
masses of distinctly coarser grained minerals, some
of them flamboyant in habit.

For the most part, layering in the rodingite is
parallel to bedding, and where inequidimensional
minerals are present, they are commonly alined sub-
parallel to the layering. Not uncommonly, several
of the basic textures are shown by different layers
in a single specimen. In a few places where bedding
is tightly folded, quartz is concentrated in the
troughs and crests of tiny folds, and inequidimen-
sional grains of dark minerals arranged tangential-
ly to layering are concentrated along the limbs; the
resulting layering is at a large angle to bedding.

COARSE-GRAINED RODINGITE

The coarse-grained rodingite is variable in color
and texture and is generally massive. It ranges in
color from light gray to various shades of green and
brown, or is mottled in those shades. In texture, it
ranges from medium fine-grained granular aggre-
gates of anhedral and subhedral grains to very
coarse aggregates of anhedral and subhedral crys-
tals as much as 8 cm in maximum dimension, many
of which show excellent crystal forms. Some joint
surfaces are covered with drusy aggregates of one
or more minerals. In several places, large crystals
form spectacular “pockets” from which interstitial
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calcite has been dissolved to give a vuggy appear-
ance. Such pockets are the source of many prized
mineral specimens.

The coarse rodingite contains the same minerals
and has a variety of mineral assemblages similar to
those of the fine-grained rodingite, but the varia-
tions are more irregular and on a larger scale, so
that some masses of hand-specimen size consist
almost entirely of only two or three minerals. In
addition, calcite is an almost ubiquitous major con-
stituent, and zoisite is locally abundant. The sur-
faces of a few open joints are spotted with botry-
oidal masses or radial aggregates of calcite and
siderite. The principal assemblages observed in rock
masses of hand specimen size are:

diopside-vesuvianite-garnet-calcite
diopside-vesuvianite-garnet-clinozoisite-calcite
diopside-garnet-clinozoisite-calcite
diopside-clinozoisite-calcite

diopside-calcite

garnet-clinozoisite-calcite

garnet-calcite

clinozoisite-zoisite.

SERPENTINE-CHLORITE ROCK

The serpentine-chlorite rock is fine grained, mas-
sive, dark greenish gray to greenish black, and
breaks with a hackly to conchoidal fracture. Though
uniform in megascopic appearance, the serpentine-

chlorite rock varies considerably in microscopic

texture, and has a consistent pattern of variation in
mineralogy.

Serpentine and chlorite are the sole essential
minerals of the rock, but magnetite and ilmenite
are ubiquitous accessory minerals and are common-
ly major components. The proportions of serpentine
and chlorite are variable, and the variations are
somewhat erratic; but, in general, serpentine pre-
dominates over chlorite at the inner margin of the
zone, next to the serpentinite, and decreases in
abundance outward toward the rodingite zone. Near
the contact with rodingite, chlorite commonly pre-
dominates over serpentine. Relict minerals from
rodingite are common accessories in the zone of
transition from serpentine-chlorite rock to roding-
ite, and the titanium minerals show consistent para-
genetic relations. At sharp contacts, favorably situ-
ated single grains consist of sphene on the roding-
ite side and ilmenite on the serpentine-chlorite rock
side.

The textural pattern of the serpentine-chlorite
rock ranges from a felted aggregate of interlocking

flakes, shreds, and blades of chlorite and serpentine
to a mosaic of irregularly polygonal and elliptical
patches of nearly isotropic serpentine containing
disseminated flakes and blades of chlorite and ser-
pentine. In some places, the elliptical and polygonal
patches of serpentine contain almost no chlorite, but
the interstitial areas are predominantly chlorite.
In the transition zone from rodingite, the interstitial
areas of chlorite commonly contain remnant grains
of diopside. Anhedral grains of magnetite and ilmen-
ite are scattered throughout the rock.

CHLORITE-CALCITE-MAGNETITE VEINS

Chlorite-calcite-magnetite veins vary from tabu-
lar to irregular in shape, from a millimeter to a
decimeter thick, and from a decimeter to more than
3 m long. The contacts of the veins with the enclos-
ing rocks are sharp but are commonly irregular in
detail. Some of the veins are distinctly zoned, chlo-
rite or chlorite and magnetite predominating at the
margins of the veins and calcite predominating in
the central part. In such zoned veins, the chlorite
flakes and books at the outer margins are commonly
alined normal to the contacts of the veins. Else-
where, the distribution of the minerals is variable,
and their orientation apparently random.

The minerals of the veins are coarse. Chlorite and
magnetite form spectacular euhedral to subhedral
crystals. Calcite is mainly in anhedral aggregates
interstitial to the chlorite and magnetite. Small
knots of epidote are scattered sparsely and uneven-
ly through the veins in a few places.

THE STEATITE AND BLACKWALL CHLORITE ROCK
ASSOCIATION

Rocks of the steatite and blackwall chlorite rock
association border all the ultramafic bodies where
they contain talcose rocks at the margins. These
sites include most of the small lenses of ultramafic
rocks (see section on “Steatite, talc-carbonate rock,
and carbonate-quartz rock” under “Ultramafic and
associated rocks”), the central parts of the north-
eastern and the western contacts of the Eden quarry
body, and probably much of the southern end of the
Corez Pond body. The zones are generally most con-
spicuous and most fully developed in the schist and
more obscure and narrower in the amphibolite.

All the rocks of the association are intergradation-
al, and they have interdependent distribution rela-
tions. The steatite zone varies in width from a centi-
meter to as much as several decimeters; the black-
wall is typically 10 cm wide where the steatite zone
is 30 ¢cm or more but is appreciably thinner else-
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where. A narrow zone of tremolite rock, commonly
about 5 cm wide, intervenes between the steatite and
blackwall in many places but is absent in the less
mafic varieties of schist. Where the adjacent coun-
try rock is albitic schist or gneiss, a zone as much as
8 cm wide at the outer margin of the blackwall con-
tains a relatively high proportion of albite porphy-
roblasts (the albite porphyroblast zone).

The tremolite rock is grayish green and composed
of interlaced to radial aggregates of tremolite
needles as much as 3 ecm long, intermixed with vari-
able proportions of tale and chlorite. Sphene, epidote,
and magnetite are sparse and rare accessories.

Blackwall is typically dark greenish gray and fine
grained. It consists essentially of chlorite but com-
monly contains accessory sphene, ilmenite, rutile,
and apatite; rarely, relict grains of quartz and albite
occur. The blackwall commonly has poor to good
schistosity. In thin section, the schistosity is seen to
result from the partial to almost complete parallel
alinement of the chlorite flakes (continuous schis-
tosity), or from the presence of closely spaced tiny
shear zones within which chlorite flakes are alined,
and between which the chlorite flakes range from
alined to diversely oriented (spaced schistosity). In
some places, both types of schistosity are present and
are parallel.

Albite porphyroblast rock is variegated in gray-
ish green and light gray, the overall appearance de-
pending chiefly on the proportion of albite porphy-
roblasts. Except for its more visible content of al-
bite, the rock ranges in character and mineralogy
from albitic schist to blackwall, with both of which
it intergrades.

Muscovite-albite-quartz- (chlorite) rock forms ir-
regular masses near the western contact of the main
ultramafic body at 99,800 N., 91,600 E. (pl. 1). The
muscovite is compact and fine grained and is irregu-
larly intermixed with mosaic aggregates of albite.
Quartz and chlorite occur in moderate to small
amounts. The rock replaces adjacent amphibolite,
but its relations to nearby steatite and talc-car-
bonate rock are hidden by a covered interval of
about 1 m. This muscovite-albite rock may occupy
the albite porphyroblast zone and may be simply an
unusual and extraordinarily large variant mass.

THE TREMOLITE ROCK AND CHLORITE ROCK
ASSOCIATION
Contact rocks of the tremolite and chlorite rock
association occur in only a few places: along the
northeast contact of the Lowell quarry body near
99,910 N, 98,270 E., and at the margins of the small

serpentinite masses in the amphibolite tongue be-
tween the Lowell quarry and Eden quarry bodies,
near 100,500 N., 96,600 E. (pl. 8). In all places, the
country rock is amphibolite.

Tremolite rock is medium gray to pale green,
fine grained, and massive. A very irregular and in-
conspicuous spaced schistosity is locally discerni-
ble. Needles of tremolite are rarely large enough to
be distinguished readily without a hand lens. Trem-
olite is the sole essential constituent; chlorite is
common and is increasingly abundant away from
the ultramafic body; magnetite and pyrite occur
sparsely and erratically.

Chlorite rock is dark greenish gray and fine
grained. A crude spaced cleavage is commonly suf-
ficently well developed that the rock breaks into ir-
regular slabs. In addition to chlorite, tremolite is a
common constituent; sphene, carbonate, apatite,
and other relict minerals from the amphibolite oc-
cur unevenly in the chlorite rock and are abundant
in the transition into amphibolite.

The tremolite and chlorite contact rocks border
serpentinite without intervening zones of talc-car-
bonate rock and steatite. Tremolite rock adjacent to
the serpentinite is transitional by gradual increase
in content of chlorite and decrease of tremolite into
chlorite rock adjacent to the country rock. The con-
tact between serpentinite and tremolite rock is
sharp. The width of the tremolite rock and chlorite
rock zones, and of the transitional zone between,
ranges from a few centimeters to a few decimeters
and varies with the size of the associated ultra-
mafic body. The transition from chlorite rock to
amphibolite is irregular and variable, but generally
takes place within a few centimeters.

MINERALOGY AND PARAGENESIS

The minerals of the contact rocks differ widely in
grain size, textural relations, and variability of com-
position, but all conform to a general pattern of
paragenetic relations. Thus, minerals of the serpen-
tine-chlorite rock replace minerals of the rodingite
and locally those of the amphibolite; minerals of
the rodingite replace those of the schist, gneiss, 2ud
amphibolite. Similarly, minerals of the steatite re-
place minerals of the blackwall chlorite rock, and
minerals of the blackwall replace those of the schist,
gneiss, and amphibolite. Furthermore, in the roding-
ite, some of the minerals have an orderly sequential
relation: garnet and vesuvianite replace diopside
and epidote, and chlorite commonly replaces all four
of them. Garnet and vesuvianite commonly are
euhedral in contact with calcite; vesuvianite is
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euhedral in contact with garnet. All embay diopside
irregularly, generally having scalloped boundaries
convex toward the diopside, and all locally contain
island remnants of diopside and of relict minerals
of the country rock. Garnet, diopside, epidote, and
vesuvianite commonly have ragged boundaries with
chlorite, and in places form tiny island remnants in
patches of chlorite.

DIOPSIDE

Diopside is an almost ubiquitous constituent of
the rodingite, is generally a major constituent, and
is commonly the most abundant mineral. In coarse
rodingite, the diopside ranges in size and form from
anhedral grains a few millimeters to several centi-
meters across, to prismatic crystals as much as 3
cm long. Diopside in dense flinty rodingite is all
fine grained and ranges in habit from subequant
anhedral grains, wispy blades, and irregular poiki-
loblastic grains to subequant subhedral grains and
well-formed tabular crystals. The poikiloblastic
grains enclose quartz, epidote, and other relict min-
erals from the country rocks. In places, fine-grained
diopside irregularly rims relict grains of coarse
hornblende, and invades these grains along frac-
tures and cleavages. Diopside in small veins and
irregular coarser grained patches in fine rodingite
is commonly bladed or flamboyant in habit.

The diopside varies in color from moderate yel-
low green to grayish olive. Euhedral crystals are
generally short prisms terminated by basal pina-
coids; {100}, {010}, and {111} faces are subdued. A
few crystals are tabular, parallel to {010}. Prismatic
cleavage is generally distinet.

The diopside varies appreciably in optical prop-
erties and inferred chemical composition. The optic
axial angle, 2V, varies from 60° to 70°, the optic
sign is (+), the extinction angle is nearly 45°, and
the g-index of refraction varies from 1.671 to 1.705.
These data indicate a range in composition, in terms
of the diopside and hedenbergite end members, from
He, to about He;,, or from CaMgSi.O, to about

Ca (Mg, ;Fet*;)Si,0,.

CLINOZOISITE

Clinozoisite is nearly as prevalent as diopside in
the rodingite and not uncommonly is the most abun-
dant mineral. In fine-grained rodingite, clinozoisite
occurs as tiny anhedral subequant grains in an
equigranular mosaic, as larger rounded grains in a
fine-grained groundmass, and as subhedral crystals
in patchy and veinform aggregates. In coarse

rodingite, clinozoisite forms striated bladed and an-
hedral crystals as large as 3 cm across.

The clinozoisite is dusky yellow green, light olive
gray, or olive gray, and well-formed crystals are
strongly striated. In thin section, it appears color-
less and commonly has two good cleavages about at
right angles. The fine-grained material is mostly un-
twinned and shows uniform extinction. Coarse-
grained material commonly is strongly twinned.
Most of the large rounded grains set in a fine
groundmass are zoned, the inner part of the grain
commonly showing undulatory extinction and the
outer part showing uniform extinction and slight-
ly different optic orientation.

The optical properties vary within a relatively
small range. The optic axial angle, 2V, is large, and
the optic sign varies from (+) to (—). Abnormal
blue and lemon-yellow interference colors are dis-
tinctive. The g-index of refraction ranges from 1.712
to 1.728 but is chiefly in the range 1.717-1.723.
These properties indicate a range in composi-
tion from close to that of iron-free epidote,
Ca,Al,AlSi;0., (OH) ., to perhaps as much as

Ca,AL (Al]Fe+:=|) SiGO:!l (OH) 2y
and a predominant composition of about
Ca.A] ' (All,zzFe_F”«m) Sin024 (OH) ue

ZOISITE

Zoisite was noted only in coarse rodingite, where
locally it forms coarse radial aggregates of bladed
white crystals. The zoisite contains two optically
distinet phases in intimate association. One phase
has 2V =0°-50°; optic sign (+); dispersion, r<wv
strong; abnormal blue interference colors; indices,
«=1.703, B=1.704, y=1.708; optic orientation, a=y,
b=R, c=a. Zoisite having such optical properties is
commonly correlated with iron-free or «-zoisite. The
second phase has 2V =0°-35°; optic sign (+) ; dis-
persion, »>v distinet; abnormal brown interference

| colors; indices «=1.701, 8=1.701, y=1.706; optic

orientation, a=y, b=«, c=g. Zoisite having such
properties is commonly correlated with ferrian or
B-zoisite. The slight difference in optical properties
suggests that the difference in composition between
the two phases is also slight. The “g-zoisite” has
only slightly higher indices than an analyzed sam-
ple of zoisite listed by Deer, Howie, and Zussman
(1962, v. 1, p. 188, table 32, analysis 3), in which
the ratio Fe+?/(Al+Fe+3)=0.033. The “«-zoisite”
and “B-zoisite” from Belvidere Mountain are in-
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ferred to have comparable Fe+3/ (Al+Fe+*) ratios,
or formula compositions near

Ca,Al (Al sFet?,,) Sis0,, (0H)..

GARNET

Garnet is a common and generally abundant con-
stituent of both fine and coarse rodingite. It forms
euhedral to subhedral crystals as much as 1 ecm
across in coarse rodingite, and small anhedral grains
in fine rodingite. Garnet varies widely in color and
optical properties in both types of rock and shows a
variety of textural relations in fine rodingite.

In fine rodingite, garnet forms massive aggregates
of small grains and scattered clusters of grains.
Patches of massive garnet have scalloped borders
that are convex toward the diopside, and the garnet
commonly encloses irregular shreds of diopside.
Small veinlets of garnet or garnet and vesuvianite
are common. Some such veinlets are complex; they
consist of a central straight-sided vein about 0.05
mm wide of isotropic or nearly isotropic garnet,
bordered on either side by narrower zones of bire-
fringent garnet whose contact with diopside is very
irregular—as if the central vein had formed by fis-
sure filling, the outer zones by replacement.

The garnet has a wide range of colors, chiefly
shades of green, brown, and red. Most of the garnet
is slightly to distinctly birefringent. The index
ranges from 1.740 to >1.789. In general, euhedral
garnet in coarse rodingite and garnet in straight-
sided veinlets are of low index, and garnet in the
veinlets is isotropic; anhedral fine-grained garnet,
whose relations suggest a replacement origin, is of
relatively high index and is distinctly birefringent.
However, there are many exceptions to these general
relations; in particular, many of the large euhedral
crystals of garnet are distinctly birefringent and of
relatively high index.

Microprobe analyses of garnets from rodingite,
mostly coarse grained and euhedral to subhedral but
representative of a wide range of colors and indices
of refraction, indicate that the garnets are of two
limited compositional ranges (gro:and:alm:sp) :(1)
86-91:14-4:4-1:0-4, and (2) 45-66:55-32:0-2:0.
Representative formula compositions for each range
are:

(1) [Caz.seMno.ozFe"_Bo‘lz] [A11.92F9+30‘07Ti0.01] Siz 9505z,
and

(2) [Caz.99Mno.02] [Al, ;. Fet3, 4,]181;,00,..
Data are meager, but no correlation between compo-

sition and physical and optical properties is
apparent.

VESUVIANITE

Vesuvianite, though less common and abundant
than diopside or garnet, is a fairly common and
locally abundant constituent of the rodingite. It
ranges in habit and grain size from anhedral fine
grains to prismatic crystals as much as 3 cm in
diameter and 10 cm long, some of them singly termi-
nated by pyramids and basal pinacoids, and Belvi-
dere Mountain has long been highly prized for
vesuvianite by mineral collectors. Massive vesuvian-
ite commonly consists of anhedral grains; isolated
grains are commonly subhedral. As opposed to gar-
net, vesuvianite generally is euhedral.

The vesuvianite ranges in color chiefly from gray-
ish yellow green to moderate yellow green. The opti-
cal properties are generally uniform; the o-index is
chiefly in the range 1.718 to 1.720. One specimen
(AV-237) has an index »=1.730. The optic axial
angle range is moderate (40°-50°), the optic sign
(—), the birefringence low, and interference colors
of abnormal violet and yellowish brown are char-
acteristic.

On the basis of the light-green color (Deer and
others, 1962, v. 1, p. 118) the vesuvianite is inferred
to contain chiefly ferric, and little ferrous, iron. The
indices are near those of a light-green vesuvianite
listed by Deer and others (1962, v. 1, p. 116, table
21, analysis 5). Neither the exact mineral formula
nor the correlation of optical properties with chemi-
cal composition are adequately known, but on the
basis of the data available, it appears that the aver-
age composition of the vesuvianite, in terms of the
most widely accepted ideal formula, is approximately

Ca,o (Mg, Fet?, Feti,) Al,[8i,0;].[Si0.]: (OH,F)..

PREHNITE

Prehnite forms distinctive fine drusy aggregates
on a few joint surfaces; it is rarely a sparse constitu-
ent of fine-grained rodingite, where it forms an-
hedral patches interstitial to diopside and clinozois-
ite. The optical properties are somewhat variable but
show no consistent differences between drusy prehn-
ite and that in the groundmass of fine-grained
rodingite. The optic axial angle is 2V =70°-75°; the
optic sign (+); indices, «=1.614-1.620, 8=1.623—
1.634, y=1.642-1.643; extinction is parallel. The
properties indicate a composition in which the ratio
of Fet3/(Al+Fet?) is in the range 0.02-0.10. The
average formula composition is inferred to be about

Ca. (Al ;Fe*3,,) Si;0,, (OH)..
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CALCITE

Calcite is a common and abundant constituent of
coarse rodingite, where it forms anhedral grains
interstitial to other minerals. It is a sparse constitu-
ent of fine rodingite, of blackwall, and of tremolite
rock. The w=index is uniformly 1.658 to 1.660, indi-
cating a composition near that of pure calcite,
CaCo,.

MAGNETITE

Magnetite is a relatively uncommon and generally
sparse constituent of rodingite, blackwall chlorite
rock, and tremolite rock; it is a ubiquitous and com-
monly abundant constituent of serpentine-chlorite
rock and of calcite-chlorite-magnetite veins associ-
ated with rodingite and serpentine-chlorite rock.

Magnetite in rodingite, blackwall chlorite rock,
and tremolite rock is anhedral, subequant to irregu-
lar, and has generally a distribution pattern similar
to that of magnetite in adjacent country rock. Mag-
netite in serpentine-chlorite rock is varied in habit,
ranging in grain size from 0.015 to 1.5 mm and in
form from anhedral to euhedral. Some thin sections
contain both scattered large anhedral grains and
abundant small euhedral to subhedral grains. In all
sections, the proportion of magnetite in serpentine-
chlorite rock is higher than in adjacent rodingite.
Magnetite in the calcite-chlorite-magnetite veins
forms crystals as much as 1 em across which com-
monly show octahedral and dodecahedral forms.

No information is available on possible variations
in composition of magnetite in the several contact
rocks. An analysis of a sample from a calcite-chlo-
rite-magnetite vein (table 1, analysis 46) gave a
calculated formula composition of

(Fe*2,0:Mgo.0:Mng 01 Tig.0: Vo.or)
(Fet?, 91Al.05Cro.02) O4.

CHLORITE

Chlorite is the sole essential constituent of black-
wall chlorite rock, an essential and major constituent
of serpentine-chlorite rock and calcite-chlorite-mag-
netite veing, and a commonly abundant constituent
of rodingite and tremolite rock. The habit and tex-
tural relations of the chlorite are varied. It occurs as
blades, flakes, and shreds in blackwall, serpentine-
chlorite rock, rodingite, and tremolite rock. It forms
distinctive books of platy crystals in large calcite-
chlorite-magnetite veins, as well as in varied tiny
veinlets in the rodingite. In the large veins, these
chlorite books are commonly hexagonal and are as
large as 3 cm across. The chlorite is intimately inter-

mixed, in apparent equilibrium relation, with ser-
pentine in serpentine-chlorite rock; it invades and
replaces garnet, vesuvianite, diopside, and clinozois-
ite in rodingite; it replaces tremolite in tremolite
rock; and it replaces relict minerals of the country
rock in the blackwall.

Chlorite in contact rocks is almost all of relatively
low index, positive optic sign, negative elongation,
and abnormal brown interference colors. It shows
some minor but distinctive variations among differ-
ent contact rocks.

Chlorite in the calcite-chlorite-magnetite veins
shows little variation in optical properties. An ana-
lyzed sample (A-BM-56-4b, table 1, analysis 49)
showed 2V =30°, optic sign (+), elongation (—),
abnormal brownish-gray interference colors, a~g=
1.576, y=1.580. The formula composition calculated
from the chemical analysis (Chidester, 1962, p. 132—
138) is
(Mg4ASOFe+:I>.1IMnU,OnS) (Al cFet 706 Cro.01Ti0.001)

(SiIE.Ot;AIO.S)»i) 09,43 (OHS.SGFU.OOZ!) .
This composition fits rather closely with that based
upon the optical correlations of Winchell and Winch-
ell (1951, fig. 267 ; see Chidester, 1962, fig. 13, p. 45).

Measured indices of chlorite in blackwall range
from 8=1.594 to 8=1.618 and are predominantly
near 8=1.600. Chlorite of index g=1.600 has a com-
position of about

(Mg, -Fetz ;Al ) Si, Al ;) 040 (0OH) .

Observations elsewhere in Vermont (Chidester,
1962, p. 66—69) suggest that the total range in com-
position of chlorite in blackwall may be appreciably
greater than is indicated by the relatively few opti-
cal determinations made on blackwall chlorite at
Belvidere Mountain, and that the variation is sys-
tematic within the zone, the ratio of Mg/Mg+ Fe+*
increasing sharply near a contact with steatite and
decreasing sharply near a contact with schist (Chi-
dester, 1962, fig. 17, p. 67).

Chlorite in serpentine-chlorite rock has a similar
range in optical properties; variations appear not
to be systematic with respect to position in the zone.
Some of the chlorite is nearly isotropic, consists pre-
dominantly of abnormal brown (optically positive)
flakes intermixed with a relatively small proportion
of abnormal blue (optically negative) flakes, and has
indices of about g=1.575. Such chlorite, on the basis
of Winchell and Winchell’s data (Chidester, 1962,
fig. 13, p. 45) is inferred to have a composition of
about

(Mg;,(>Fe+:|r,:=Alu,7) (Si::.::ALLT) O]ﬂ (OH) R
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In index, much of the chlorite reaches a maximum of
B=1.62, and in birefringence reaches y—a=0.005.
The corresponding limiting range in composition is
inferred to be about

(Mg. cFet2, Al ;) (Si, Al ;) 0y (OH)..
Chemical analyses were obtained of three samples of
serpentine-chlorite rock (TPT-Vt-11(VT-11), AV-
78 (VT-13), and AR-110 (VT-20), analyses 7, 9,
and 16, table 1). The distribution of minerals in ser-
pentine-chlorite rock is erratic, so that accurate
modes of the material analyzed are not available. It
is estimated, however, that the material of analysis
7 consists predominantly of chlorite and serpentine
in the proportion of about 25/75; that of analysis 9,
about 50/50; and that of 16, about 60/40. Calculated
formula values of the serpentine-chlorite mixture in
each show R+3/Si ratios of 2/3, 1.4/3.3, and 1.3/3.4,
and Mg/Mg+ Fe+2 ratios of 0.88, 0.99, and 0.98. As
the admixed serpentine has a much lower content of
R+3 than the chlorite, these ratios set lower limits
for the content of R+3 in the chlorite. Most of the
chlorite must therefore have a composition near
that indicated for chlorite of B—index=1.62 (see
above), a ratio of R+3/Si of about 1.

Chlorite in tremolite rock has about the same
range in optical properties as that in blackwall but
varies erratically. Measured indices of chlorite in
rodingite range from g=1.585 to g=1.621, corre-
sponding to a range in composition of

(Mg4‘2Fe+20.7A11.1) (Si; Al ;) 0,0, (OH) to

(Mg. ;Fe+2,,Al ;) (Siy Al 5) 040 (0OH)s.
Chlorite in analyzed samples of tremolite-chlorite
rock (sample AV-205 (VT-17), analysis 13, table
1) and chlorite-tremolite rock (sample AV-206
(VT-18), analysis 14, table 1) is inferred to have a
composition of

(Mg; Fet=, ;) (Sis0Al ;) 0, (OH)
on the basis of optical properties. Cross calculations
based on modal compositions were carried out on the
two analyses (see Chidester, 1962, p. 132-138);
these calculations yielded a calculated formula of

(Mgs.aFe+31,2Mno.02) (Fe+30.1A11.05)
(Si2.5A11.15Ti0.3P0.05) 010 (OH) 8.2y
very close to that based on optical properties.
Chlorite in the single and unusual occurrence of
massive fine-grained chlorite in an irregular vein-
like mass between serpentinite and rodingite is
nearly isotropic, has a g=index of 1.632, and shows
both abnormal pale-pink and pale-blue interference
colors. The composition is inferred to be about

(Mg, :Fe+2, (Al ,) (Si. Al ) O, (OH)s.

SERPENTINE

Serpentine in the contact rocks occurs only in
serpentine-chlorite rock, where it is everywhere a
major component but varies in proportion from as
little as 25 percent to as much as 95 percent. The
serpentine has a variety of textural features. Most
occurs as irregular flakes and blades, intimately
intermixed with chlorite or segregated rather ir-
regularly into layers predominantly of serpentine.
Isotropic patches of macroscopically structureless
serpentine appear to be pseudomorphic after garnet
and vesuvianite. Rarely, tiny veinlets of fibrous ser-
pentine occur next to the contact with the ultra-
mafic body.

The serpentine varies from colorless or very pale
green to yellowish brown in thin section, and from
virtually isotropic to distinctly abnormal blue or
light gray under crossed nicols. Measured indices
of refraction range from g=1.548 to 8=1.573, and
birefringence from nearly zero to 0.009. The sign
of elongation is uniformly positive. The optic sign
of all platy serpentine is negative; the apparent
optic sign of fibrous serpentine is positive.

X-ray and DTA studies by G. T. Faust (written
commun., 1961) of two specimens of serpentine-
chlorite rock indicate the presence of lizardite and
chrysotile, in addition to chlorite. Chemical analyses
of the serpentine-chlorite rock (TPT-Vt-11 (VT-
11), AV-78 (VT-13), and AR-110 (VT-20), anal-
yses 7, 9, and 16, table 1) cannot yield accurate
formula compositions for the serpentine minerals,
but the average ratio of Mg/Mg+Fe*? for the ser-
pentine minerals must be greater than that of the
mixture in each analysis (see preceding section on
“Chlorite” under this section on ‘“Mineralogy and
paragenesis”). Thus the average ratio of Mg/Mg
+Fe+2 must be near 0.99 or higher. No useful in-
formation on the content of Al and Fet?® in the
serpentine minerals can be deduced. Though the
content must be low (most Al and Fe*? are required
for the chlorite), limitations of the data allow for
a range of variations considerably greater than pos-
sible critical differences between different serpentine
minerals.

TREMOLITE

With the exception of relict hornblende in roding-
ite and blackwall chlorite rock, tremolite is the sole
amphibole in contact rocks. Tremolite forms a thin
zone between steatite and blackwall and in a few
places occupies the position of the entire steatite
zone. The tremolite varies from finely fibrous to
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blades as much as 1 mm wide and 5 mm long. The
blades are commonly bent, broken, or folded; not
uncommonly, laths of tremolite tail out into finely
fibrous bundles of asbestiform tremolite.

The optical properties vary only moderately:
2V =75°-85° the optic sign (—), the extinction
angle yA¢=15°-20°, and the y-index of refraction
ranges from 1.625 to 1.636 but in most places is
near 1.632. These optical properties correspond to
a range in composition from pure tremolite,
Ca,Mg.Si;0., (0OH).,, to actinolite of formula com-
position

Caz(Mg4.5Fe+2045)Sisozz(OH)z;
most is about

Caz(Mg4.7Fe+20.3)Sisozz(OH)z
(Foslie, 1945, fig. 1).

A chemical analysis of tremolite-chlorite rock in
the position of the steatite zone (sample AV-205
(VT-17), analysis 13, table 1), the tremolite of
which has a v-index of 1.632, yields the following
formula composition (after correcting for about 12

percent chlorite of B-index=1.599, and very small
amounts pyrite and calcite) :

Cayo (Mg, Fet?,:)Sis 00520 [0+ (OH) 1 6].

ILMENITE, RUTILE, AND SPHENE

All the contact rocks generally contain ilmenite,
rutile, and sphene, singly or in combination, locally
as major constituents. In the different contact rocks
one or another of the three minerals commonly pre-
dominates, not uncommonly to the almost complete
exclusion of the others. In some of the contact as-
sociations, the titanium minerals vary regularly be-
tween rock types, and in some of the individual con-
tact rocks they show regular variations with respect
to position in the zone, or regular sequential rela-
tions with one another.

Ilmenite is a ubiquitous and commonly a major
constituent of the serpentine-chlorite rock. It is rare
in the rodingite and uncommon in the blackwall,
in both of which it occurs only as relict grains in
association with rutile or sphene, or both. The ilmen-
ite ranges in habit from tiny laths to irregular
grains.

Rutile is relatively uncommon in the contact rocks.
It is most abundant in the blackwall; there it forms
prismatic crystals, or anhedral aggregates associ-
ated with either ilmenite or sphene or both. Rutile
occurs rarely in the rodingite, and always in associa-
tion with ilmenite and sphene.

Sphene is the most common and abundant mineral
in the contact rocks. It is nearly ubiquitous in the
blackwall and rodingite; it is common in tremolite
rock, in steatite derived from schist or amphibolite,
and in miscellaneous irregular types of contact
rocks. Only serpentine-chlorite rock is devoid of
sphene. The sphene ranges in habit from irregular
aggregates of tiny grains to diamond-shaped single
crystals.

The relations of ilmenite, rutile, and sphene are
regular for each association but differ between as-
sociations. In the rodingite, sphene generally occurs
alone, but in some places, particularly in the outer
parts of the zone, some of the sphene contains a
core of ilmenite or a shell of ilmenite around a core
of rutile. At the contact between rodingite and ser-
pentine-chlorite rock, elongate grains that project
across the contact consist of sphene on the rodingite
side of the contact and ilmenite on the serpentine-
chlorite rock side. In the blackwall, the overall re-
lation among the three minerals is that of a core of
ilmenite surrounded by a shell of rutile and an outer
rim of sphene; any one or a pair of the three may be
absent locally (Chidester, 1962, p. 69.)

OTHER MINERALS

Talc is a minor constituent of the transition zone
between steatite and blackwall chlorite and is the
essential major constituent of the steatite, the outer-
most few millimeters of which belong to the con-
tact-rock association. The properties are virtually
the same as those of tale derived from ultramafic
rocks.

White mica, quartz, and albite occur principally
in the outer margins of the rodingite and the black-
wall zones, as relict minerals of the adjacent country
rock. The three minerals are associated in the ir-
regular masses of muscovite-albite-quartz rock
which bear a replacement relation to the adjacent
amphibolite near 99,800 N., 91,600 E. (see section
on “The steatite and blackwall chlorite rock associa-
tion” under ‘“Contact rocks” in the section on
“Ultramafic and associated rocks”). The mica oc-
curs as compact fine-ggrained masses; the quartz
and albite as irregular anhedral grains. The mica
is identified as muscovite on the basis of X-ray pat-
tern and optical properties of 2V =380°, optic sign
(-), y=1.599, y—a=0.034.

Apatite, hornblende, biotite, sulfides, and graph-
ite, all are relict minerals of the country rocks
from which the contact rocks were derived. All are
similar in habit and composition to their equivalents
in the unaltered country rocks.
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PETROGENESIS

Igneous and metamorphic features and geologic
relations of the ultramafic rocks attest to an igneous
origin of the dunite, peridotite, and chromitite, to
later alteration of much of the igneous rock to
serpentinite, carbonate-quartz rock, serpentine and
magnetite veins, talc-carbonate rock, and steatite,
and to a regular sequential relation among them.
Mineralogical and geological relations and textural
features of the contact rocks attest to their origin
by metasomatic replacement of the country rock
and point to systematic genetic and chronologic rela-
tions between the contact rock and the ultramafic
rocks.

Direct evidence of relative ages based on field re-
lations between the various ultramafic rocks and
the contact rocks demonstrates only that the ser-
pentinite is younger than the primary igneous min-
erals, that the serpentine veins are younger than
the consolidation of the ultramafic igneous rocks,
and that the several talcose rocks are younger than
the serpentinite. Inasmuch as contact rocks of the
rodingite and serpentine-chlorite rock association,
on the one hand, and those of the steatite and black-
wall association or the tremolite and chlorite rock
association, on the other, are mutually exclusive in
occurrence, their field relations are ambiguous. Else-
where in Vermont, steatitized ultramafic bodies con-
tain talc pseudomorphic after asbestos (Chidester,
1962, p. 76-77), which demonstrates that the stea-
tite is younger than the asbestos.

Serpentine veins appear to be generally younger
than the pervasive serpentinization because the
veins, which are unsheared, were formed late in
the tectonic history, whereas pervasive serpentiniza-
tion was early. Pervasive serpentinization and the
formation of serpentine veins may have overlapped
in time to a significant extent. Vein formation took
place in a relatively short interval late in the tec-
tonic history of the area, whereas pervasive ser-
pentinization probably took place over a much
longer interval that began before final emplace-
ment of the ultramafic bodies. Very probably, per-
vasive serpentinization extended into the period of
vein formation (see following section on “Serpen-
tinite” under this section on “Petrogenesis”).

IGNEOUS ROCKS

An intrusive igneous origin for the dunite and
peridodite is indicated by the locally crosscutting
relations of the ultramafic body, the mosaic texture
of olivine in dunite and peridotite and of chromite
in chromitite, and the phenocrystic habit of the

pyroxene and chromite. Layering of the igneous
rocks is inferred to be, in part, at least, the result
of crystal accumulation, but it may have been modi-
fied and enhanced tectonically by flowage during
emplacement of the mass. Some of the thinner layer-
ing may be entirely of tectonic origin. Modification
of the original igneous texture by cataclasis is in-
dicated by the prevalence of undulatory extinction
and glide twinning in part of the olivine throughout
the dunite and peridotite, the vague mosaic extinec-
tion in large crystals of olivine, and the parallel
dimensional and crystallographic orientation of the
olivine in some of the dunite.

Olivine, pyroxene, and chromite formed early and
more or less contemporaneously. The inclusion of
olivine grains in some single crystals of pyroxene
indicates that pyroxene was in part later than oli-
vine. As crystallization proceeded, translucent
reddish-brown chromite gave way to opaque chro-
mian magnetite. The chromian magnetite formed
as rims surrounding cores of translucent chromite,
as dispersed discrete grains, as concentrations of
small grains interstitial to olivine grains, as vein
fillings in fractured chromite grains, and as thin
discrete layers in dunite and peridotite. Pyrite and
sulfarsenides formed at about the same time as
magnetite, with which they are locally intergrown.

Pyroxene is pseudomorphically replaced by antho-
phyllite, which is in turn replaced by serpentine.
Alteration of pyroxene to anthophyllite probably
took place in an early postmagmatic stage, during
cooling of dunite and peridotite.

Other minerals in the igneous rocks are related
to serpentinization, and will be discussed in the fol-
lowing section.

SERPENTINITE

Many features demonstrate that serpentinite was
formed by alteration of dunite and peridotite. For
massive serpentinite, these include a gradational
relation with dunite and peridodite, preservation of
relict layering, aggregate pseudomorphs after oli-
vine, replacement of olivine by serpentinite, and the
presence of relict olivine, pyroxene, chromite, and
magnetite. For schistose serpentinite, the principal
evidence is a gradational relation to massive serpen-
tinite and a prevalence of relict chromite grains.

Textural features of massive serpentinite indicate
that serpentinization was effected without percepti-
ble change in volume. There is no evidence in the
schistose serpentinite bearing on volume change
during serpentinization. Shear polyhedrons formed
during tectonic transport are evidence of early
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serpentinization, perhaps beginning in the upper
mantle. (See section on “Emplacement and struc-
tural history.”)

Antigorite, the predominant mineral in the ser-
pentinite, formed chiefly by replacement of olivine
and only in minor amounts by replacement of
pyroxene or anthophyllite. Chrysotile, which is rela-
tively minor in the groundmass serpentine, formed
chiefly in tiny fractures in and at the margins of
grains of olivine but locally appears to have replaced
whole grains or groups of grains. Possible six-layer
orthoserpentine, which occurs in the centers of
mesh-structure serpentine, formed by replacement
of olivine.

Chromite and the larger grains of magnetite are
relict igneous minerals. Magnetite in the form of
dispersed fine dusty particles, scattered small grains,
concentrations of tiny grains along relict cleavage
surfaces of altered pyroxene, and aggregates of tiny
grains that rim many of the chromite grains and
the larger magnetite grains was formed during
serpentinization.

A small amount of chlorite was formed by the al-
teration of pyroxene or anthophyllite to antigorite
and chlorite during serpentinization, but most of
the chlorite was formed by interaction between
chromite or chromian magnetite and the surround-
ing antigorite, during and immediately following
serpentinization. During the reaction between the
spinellids and antigorite, aluminum was lost from
the spinellids, and entered the chlorite and locally
the adjacent antigorite to form a thin halo of alumi-
nian antigorite. The loss of aluminum from chro-
mite and magnetite grains effected a change in com-
position of the outer shell of the grains, but the re-
sulting reaction zone cannot generally be distin-
guished from the zones of opaque chromian magne-
tite of igneous origin. Perhaps the thin opaque
borders of fractures in translucent chromite grains
are chiefly or entirely such reaction zones.

Brucite in the groundmass of the serpentinite
formed entirely by replacement of olivine, to which
its relation is clearly shown in the partly serpen-
tinized dunite.

Magnesite, dispersed in the groundmass serpen-
tine and as small lenticles, is a product of serpen-
tinization of the olivine. Dispersed grains of calcite
are probably all associated with late veins. Tale,
which occurs only rarely in the schistose serpen-
tinite and near the margins of the ultramafic bodies,
is probably all later than the serpentinization. (See
following section on ‘“Steatite, talc-carbonate rock,

and carbonate-quartz rock” under ‘“Petrogenesis”
in the section on “Ultramafic and associated rocks.”)

The origin of the graphite in serpentinite is un-
certain. Concentration of graphite near the mar-
gins of the ultramafic body probably occurred dur-
ing serpentinization or steatitization, or both, and
redistribution along schistosity and slip cleavage
surfaces was probably accomplished mechanically
during folding. Graphite was not seen in fresh
dunite and peridotite. Trofimov (1940, p. 34-35) re-
ported carbon-bearing peridotite in Siberia that con-
tains traces to as much as 0.38 percent carbon; at
Belvidere Mountain it is possible that such graph-
ite—which would be very difficult to detect micro-
scopically in small amounts—was concentrated at
the margins during serpentinization. Concentra-
tions of graphite at the outer margin of the black-
wall chlorite rock zone of steatitized ultramafic
bodies elsewhere in Vermont have been interpreted
as being formed by outward displacement from
graphitic schist during the blackwall-steatite reac-
tion (Chidester, 1962, p. 123, 127). Thayer (1966,
p. 697-700) suggested that the reduction of carbon
dioxide by hydrogen produced by decomposition of
water during serpentinization may result in the
formation of graphite. Hydrogen might also be
formed in a similar manner during steatitization.
In either case, reaction of such hydrogen with car-
bon dioxide mobilized during regional metamor-
phism would be expected at the margins of the ultra-
mafic bodies. Such a reaction would explain well
the distribution and apparent age relations of the
graphite.

SERPENTINE VEINS

That irregularities in opposite walls of the ser-
pentine veins match even down to fine details in-
dicates that the veins have formed chiefly by frac-
ture filling. Only locally has an appreciable propor-
tion of a vein formed by replacement; elsewhere,
replacement was negligible. In both the cross-fiber
asbestos veins and the cross-column picrolite veins,
the observation that matching irregularities in op-
posite vein walls are at opposite ends of a group of
fibers indicates that the axes of the fibers and col-
umns mark the relative direction of movement of
the walls during opening of the fissure. Though the
relations are generally obscure for the so-called slip
fiber in the schistose serpentinite, the orientation
and length of the fibers probably also mark the di-
rection and amount of movement on opposite walls
of much of the slip-fiber veins.
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Riordon (1955) concluded, for asbestos deposits
in Quebec, that the delicate layering parallel to the
walls in many of the picrolite and cross-fiber veins,
and the interrelations of the veins, indicate that all
the serpentine veins were injected into open fissures
as “collodial serpentine,” that the colloidal serpen-
tine later recrystallized to picrolite, and that the
picrolite subsequently recrystallized to cross-fiber
asbestos.

We propose, and favor, an alternative explana-
tion for these features.

We suggest, on the basis of the relations previ-
ously described (in the section on “Serpentine
veins” under “Igneous rocks, serpentinite, and
veins” in the section on “Ultramafic and associated
rocks”) that the thin delicate layering in the veins
records discrete increments in the opening of the
fissures occupied by the veins. Differences in color
of different layers probably reflect very slight dif-
ferences in composition of successive layers; slight
differences in orientation of the fibers in successive
layers record slight differences in direction of rela-
tive movement of the vein walls during successive
increments of opening. We further suggest that
when the rate of opening of the fissure equaled or
only minutely exceeded the rate of influx of material
into the fissure, the conditions led to an almost per-
fect orderly growth of parallel tubular fibers of
chrysotile. When the rate of opening exceeded the
rate of addition of material to the fissure by a dis-
crete but small amount, the fibers of chrysotile grew
in a slightly disarrayed but subparallel fashion to
produce coarsely fibrous to columnar picrolite. When
the rate of opening of the fissure was so rapid that
an appreciable void resulted, the chrysotile fibers
formed in a sufficiently disarrayed manner so that
the picrolite appears massive, without megascopical-
ly discernible fibrous or columnar structure. The
simple veins of chrysotile asbestos record a history
in which the rate of opening of a fissure uniformly
almost equaled the rate of growth of the fiber; the
simple veins of picrolite record a history in which
the rate of opening uniformly exceeded the rate of
growth. The composite veins record a complex his-
tory in which the rate of opening at times about
equaled, and at times exceeded, the rate of growth
of the vein material. Veins of unlayered asbestos
and picrolite record a history in which the rate of

opening was steady, or in which there was no sig--

nificant change, in successive impulses, in the rela-
tive direction of movement of the walls and in com-
position of the vein material.

Concentrations of magnetite along partings and
at margins of serpentine veins probably consist
chiefly of magnetite formed during fissure filling,
but some may consist partly of original seams of
magnetite along which fissures opened in the rock.
In single-fiber veins, separation during opening of a
fissure occurred repeatedly at the junction of fiber
and magnetite seam or fiber and vein wall. In mul-
tiple-fiber veins, separation occurred successively
at opposite sides of a magnetite seam or at opposite
vein walls. In veins with strongly crenellated part-
ings, separation took place irregularly along the
vein at one side or another of the partings in suc-
cessive impulses of vein opening. Chips of serpen-
tinite along partings mark sites where fractures
extended locally into wallrock, rather than uniform-
ly along a junction of wallrock and magnetite seam
or fiber.

The relations of fibers at vein intersections indi-
cate relative ages of fissures. Merging relations of
the fiber indicate that intersecting fissures opened
and vein material formed contemporaneously. Sim-
ple crosscutting relations indicate that one fissure
opened and its vein material formed entirely before
the other fissure opened. Complex intersections in-
dicate that fissures and vein materials are in part
contemporaneous and in part sequential.

Pockets of long slip fiber that are intergrown with
abundant fibrous calecite in shear zones are difficult
to explain. Perhaps they formed under early static
conditions, by slow growth of patches of fiber that
had previously been sheared into parallelism with
the enclosing shear zones.

The fibrous habit of much of the calcite and bru-
cite, which occur in generally minor amounts in
many of the serpentine veins, suggests that they
formed largely contemporaneously with the serpen-
tine, but calcite of granular habit appears locally to
replace chrysotile asbestos.

Marginal zones of alteration adjacent to serpen-
tine veins are inferred to be contemporaneous with
and genetically related to the veins. The zones were
formed by replacement of olivine by chrysotile,
lizardite, and brucite in dunite and massive serpen-
tinite bordering the veins. Layering in marginal
zones probably records successive outward waves of
alteration corresponding to successive episodes of
vein filling.

The general relation that the width of the mar-
ginal zone of alteration is proportional to the width
of the adjacent vein suggests that the vein material
(except water) was derived largely from immedi-
ately adjacent wallrock. Many local departures from



ULTRAMAFIC AND ASSOCIATED ROCKS 59

this general relation indicate that in places signifi-
cant amounts of material moved along the veins.
The relative amounts involved are illustrated in
table 7, which compares the composition of equal
volumes of cross-fiber chrysotile asbestos and of ser-
pentinite from serpentinized zones bordering as-
bestos veins with that of dunite, moderately ser-
Pentinized dunite, and massive serpentinite. This
comparison is in terms of the modified standard
cell described by Chidester (1962, p. 95-97).

Table 7 shows that gains and losses in alteration
zones are primarily dependent upon the degree of
serpentinization of host rock. Minor differences in
composition of host rocks account for other varia-
tions, particularly of minor constituents. For veins
in only slightly serpentinized dunite (table 7, sec-
tion A), the principal changes are loss of Mg and
Si from, and introduction of OH into, the border
zones. For veins of average ratio of width of border
zone to width of vein, the proportional loss of Si
and Mg from the border zones considerably exceeds
the proportional amount of those constituents in-
troduced into chrysotile veins. The anomalous gain
in Al and Fe+3 in the border zone, indicated in table
7, section A, results from the atypical character of
the analyzed sample of dunite (AV-248). The sam-
ple was selected for its freshness and freedom from
pyroxene and magnetite and is therefore lower than
average in its content of iron and aluminum. Sample
AV-13f (table 7, section B) doubtless represents
more closely the average content of aluminum and
iron in the ultramafic rocks.

These considerations indicate that during forma-
tion of veins in relatively fresh dunite and perido-
tite, the supply of constituents from host rock ad-
jacent to vein walls was more than adequate to form
the veins and that appreciable Si, Mg, Fe, Al, and
Ca must have migrated outward beyond the domain
of the veins. This migration could account for many
magnetite veins in the ultramafic rocks and possibly
for calcite-chlorite-magnetite veins in rodingite and
serpentine-chlorite rock.

In extensively serpentinized host rocks, the loss
of Si and Mg (table 7, sections B and C) from the
walls of the adjacent host rock is inadequate (for
the average ratio of width of serpentinized border
zone to width of asbestos vein) to supply the
amounts in the veins. Clearly then, in most in-
stances, those constituents of the serpentine veins
cannot be exclusively, or even largely, of local deri-
vation. They must have been supplied from more
distant sources by the serpentinization process. This
conclusion strongly suggests that pervasive serpen-

tinization of the dunite and peridotite continued
through the period of formation of serpentine veins.

OTHER VEINS

Thin veins and seams of magnetite are fracture
controlled and are formed largely by replacement.
The common association with asbestos veins and the
invariable association with serpentinized zones tie
them to formation of serpentine veins. Many vein-
form masses parallel to layering may be partly of
magmatic origin, but most or all were modified and
enlarged during serpentinization.

Because of their rarity and the lack of diagnostic
features in the Belvidere Mountain area, irregular
pods of chromian magnetite, such as the large pod
exposed in the town (township) of Troy (fig. 1), are
of uncertain mode of origin. They may be of mag-
matic origin and modified by intense local shearing,
or they may have formed by replacement along shear
zones.

Veins consisting of varied proportions of mag-
netite, brucite, and calcite formed partly by frae-
ture filling, partly by replacement. The association
of many such veins with, and their local replace-
ment relations to, serpentine veins indicates that
they are genetically related to and were emplaced
during and late in the stage of formation of serpen-
tine veins (see preceding section on “Serpentine
veins”).

Though precise relations are unknown, amphibole
asbestos probably formed late during serpentiniza-
tion by reaction of material in the shear zone with
magnesiurn-bearing solutions from the ultramafic
body.

STEATITE, TALC-CARBONATE ROCK, AND
CARBONATE-QUARTZ ROCK

Geologic relations of the rocks and paragenetic
relations of the minerals demonstrate that talc-car-
bonate rock and carbonate-quartz rock formed by
replacement of ultramafic igneous rocks and ser-
pentinite; steatite formed chiefly by replacement of
serpentinite but partly by replacement of country
rock. The absence of a serpentinized zone between
some tale-carbonate rock and enclosing dunite in the
Eden quarry body, and the zoned replacement rela-
tion of talc-carbonate rock to serpentinite elsewhere
(see Chidester, 1962), demonstrate that steatitiza-
tion is later than and unrelated to serpentinization.

Relict grains of chromite and chromian magnetite
throughout talc-carbonate rock and carbonate-quartz
rock indicate that the rocks were derived from ul-
tramafic igneous rocks. The gradational relations
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TABLE 7.—Chemical composition of equal volumes of cross-fiber vein chrysotile, marginal alteration zones,

[Chemical composition is in terms of the content of the modified standard cell (MSC) (Chidester, 1962, p. 95, 132-137); gains and losses are deter-
of the vein. The product is the proportional amount of each constituent gained or

Width of

Specimen No. Zone zome Si Al Fed+ Fe?t Mg Ca
A. Host rock, slightly
AV-248 ___________. Dunite ______________________ >1m 41.6 0.19 1.4 3.5 76.3 0.09
A-BM-57-8 ________. Serpentinized border zone _____ 32 mm 34.1 1.5 2.7 41 56.1 .02
A-BM-57-1 ________. Chrysotile vein _____.__________ 4 mm 32.6 1.0 1.2 37 51.0 .20
Proportional gain or loss in the
serpentinized border zone ____________ —240 +42 +41.6 —99 —646 —2
Proportional amount of con-
stituent introduced into the
chrysotile vein ______________________ 130 4 5 2 204 1
. B. Host rock, moderately
AR-13f (VT-1) ____. Dunite ______________________ >l m 38.3 1.3 2.2 2.5 69.3 0.05
AR-13f (VT-2) ____. Serpentinized border zone _____ 28 mm 35.8 .83 1.6 .19 57.1 .00
AR-55 ____________. Chrysotile vein _______________ 4 mm 34.4 8 1.0 .58 54.2 .00
Proportional gain or loss in the
serpentinized border zone ____________ —70 —13 —17 —65 —342 —1
Proportional amount of con-
stituent introduced into the
chrysotile vein ______________________ 138 3 4 2 217 0
C. Host rock highly serpentinized
AR-T3 (VT-6) _____. Dunite —_____________________ >1m 34.9 1.9 3.7 1.2 54.6 0.07
A-BM-57-3 ________. Serpentinized border zone _____ 80 mm 34.1 1.5 2.7 41 56.1 .02
AR-55 ____________. Chrysotile vein _______________ 8 mm 34.4 8 1.0 .58 54.2 .00
Proportional gain or loss in the
serpentinized border zone ____________ —64 —32 —80 —63 +120 —4
Proportional amount of con-
stituent introduced into the ‘
chrysotile vein ______________________ 275 6 8 5 434 0

1 The total cations per MSC is, by definition, equal to 100X Fr, and is here rounded to one decimal place. Because of rounding procedures, the total

between talc-carbonate rock and serpentinite and be-
tween talc-carbonate rock and dunite and peridotite
indicate that talc-carbonate rock replaced serpen-
tinite, dunite, and peridotite directly. Relations of
carbonate-quartz rock to dunite or peridotite and
serpentinite are not directly ascertainable because
of exposure conditions. However, the zonal distribu-
tion and gradational relations of carbonate-quartz
rock and talc-carbonate at the south end of the
Corez Pond body, where carbonate-quartz rock
forms a small central mass within a larger mass
of talc-carbonate rock, suggest that the carbonate-
quartz rock and talc-carbonate sequentially replaced
serpentinite or dunite, or both.

The steatitization process is discussed in detail in
an earlier report (Chidester, 1962) based on studies
of extensive, well-exposed talc deposits elsewhere in
Vermont. That report shows that the alteration of
serpentinite to talc-carbonate rock is essentially iso-
chemical with respect to the principal cations and
involved chiefly the introduction of CO. and loss of
(OH). Steatite formed as the result of metamorphic
reaction between serpentinite and adjacent country
rock, chiefly by outward migration of Mg and (OH)

tion by a number as large as 80),

from the serpentinite and inward migration of Si
from the schist. The two processes were essentially
independent, though virtually contemporaneous.
These conclusions are borne out in the Belvidere
Mountain area, and similar analysis is not repeated
here. However, the relations of talc-carbonate rock
and carbonate-quartz rock to each other and to ser-
pentinite and dunite provide additional information
about the carbonatization of ultramafic bodies that
warrants brief comment.

Calculations based on the assumption that car-
bonatization was isochemical with respect to the
principal cations (see Chidester, 1962, p. 121-122)
yield the approximate modal compositions for tale-
carbonate rock and carbonate-quartz rock derived
from dunite and serpentinite that are shown in table
8.

Comparison of the chemical composition of modi-
fied standard cells of rocks of the modal compositions
shown in the table with that of dunite and serpentin-
ite from which the tale-carbonate rock was derived
indicates that only for the alteration of serpentinite
to talc-carbonate rock can isochemical alteration take
place without change in volume—that is, that the
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and host dunite and serpentinite; and proportional gains and losses of constituents during vein formation
mined by multiplying the width of the zone or vein by the difference between the cell content of the host vock and the zone, or by the cell content

lost per zone, or introduced into a vein; dashed line. not determined. Data f

rom table 1]

Na K Ti P Cr Ni Co Mn c corotal | H F al 0
serpentinized dunite
0.00 0.00 0.00 0.00 0.21 0.24  0.02 0.14 0.10 123.7 239 ___ 0.01 178.2
.02 .01 .01 .00 .26 .23 .01 .08 .26 95.7 79.7 .00 .02 1721
.02 .02 01 .01 12 .16 .01 .05 .53 87.2 73.8 .00 .03 158.4
+.6 +.3 +.3 0 +2 —.3 —.3 —2 +5 —896 +1786 0 +.3 —195
a1 1 .04 .04 5 .6 .04 2 2 349 295 0 1 634
serpentinized dunite
0.00 0.00 0.01 0.02 ___ - —— 0.18 0.20 113.9 496  ___ 0.05 178.1
.00 .00 .00 .00 13 .18 .01 .08 .30 96.2 81.1 .00 .03 174.1
.00 .00 .06 .00 10 .10 .00 .00 .00 91.3 81.0 .00 .05 167.2
0 0 —.3 —.6 - - I -3 +3 —496 4938 —— —.6 —112
0 0 .3 0 4 4 0 0 0 365 324 0 2 669
dunite (massive serpentinite)
0.00 0.00 0.01 0.03 ___ —— R 0.08 0.18 96.7 723  ___ _— 170.8
.02 .01 .01 .00 .26 23 .01 .08 .26 95.7 79.7 .00 02 172.1
.00 .00 .06 .00 .10 .10 .00 .00 .00 91.3 81.0 .00 .05 167.2
+2 +1 0 —2 L 0 +6 —80 +592  ___  ___ 4140
0 0 .5 0 .8 .8 0 0 0 730 648 0 4 1338
does mot necessarily equal the sum of the cations shown to the left of the total. In calculations of gains or losses from a zone (involving multiplica-

the discrepancy may be fairly large.

TABLE 8.—Calculated modes of talc-carbonuate rock and car-
bonate-quartz rock formed by isochemical alteration of
dunite and serpentinite, and consequent percentage increase
in volume (=percentage loss of Mg plus Si in isovolumetric
alteration)

Carbonate-
quartz rock

Talc-carbonate
rock

From
serpen-
tinite

From
serpen-
tinite

From

dunite dunite

Tale
Magnesite
Quartz
Percentage volume increase
(=percentage loss of Mg plus Si) __

50
50

60
40

__________________________ 65
35

35 0 15

composition of the modified standard cell for each
rock is the same with respect to the principal cations.
For dunite, equal-volume alteration to talc-carbonate
rock of the modal composition indicated in table 8
requires a loss, for both Si and Mg, of about 35 per-
cent of the amount present in the parent rock ; equal-
volume alteration of dunite to carbonate-quartz rock
requires a loss of about 45 percent. On the same
basis, the alteration of serpentinite to carbonate-
quartz rock requires a loss of about 15 percent for Si
and Mg; the alteration to talc-carbonate rock, as
stated above, is both isochemical and isovolumetric.

Another way of stating the above relations is that
isochemical alteration during carbonatization would
require volume changes on the same order as those
cited for changes in composition. The geologic and
petrographic evidence available at Belvidere Moun-
tain and elsewhere in Vermont (Chidester, 1962, p.
121; Jahns, 1967, p. 157) supports the conclusion
that carbonatization was essentially isovolumetric.
Furthermore, the irregular, abnormally wide, and
mineralogically unusual zones of contact alteration
observed in several places adjacent to talc-carbonate
and carbonate-quartz rock masses in dunite suggest
that appreciable material was displaced outward
from the dunite during carbonatization. On the basis
of the range in modal compositions observed, and on
petrological considerations, it is inferred that the
proportion of Mg to Si that was displaced varies con-
siderably, but on the average is near their ratio in
parent rock. Proportionately larger percentages of
minor constituents, particularly Al and Fe+2, were
displaced; at the ultimate stage of carbonatization
(carbonate-quartz rock), nearly all the Al and Fe+®
present in parent dunite or serpentinite was
displaced.
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These considerations suggest that, on the average,
talc-carbonate rock and carbonate-quartz rock de-
rived from serpentinite should differ characteris-
tically from those rocks derived from dunite. Condi-
tions of exposure at Belvidere Mountain do not
permit quantitative evaluation of this conclusion, but
the modes in table 4, section B and C lend support
to it.

The association of carbonate-quartz rock and
quartzose talc-carbonate rock with faults or shear
zones in the Eden quarry body, and the zonal distri-
bution of carbonate-quartz rock and talec-carbonate
rock with relation to serpentinite in the Corez Pond
body, suggest that carbonate-quartz rock is localized
near channels that provided free access of CO., and
where the partial pressure of CO. was consequently
high. This relation, together with the petrologic con-
siderations that have been discussed, indicate that
carbonate-quartz rock is the end product of car-
bonatization of dunite and serpentinite. The normal
succession, where the partial pressure and supply of
CO. was sufficiently high, was the formation of tale-
carbonate rock followed by the formation of car-
bonate-quartz rock. Local variations in the supply or
partial pressure of CO, could account for local varia-
tions in the paragenetic sequence of minerals.

The presence of relict chromite in much of the
steatite shows that the steatite was derived largely
from ultramafic rock, but the presence of relict
sphene in the outer part of the steatite zone indicates
that the outer few millimeters or centimeters of
steatite is derived from schist or amphibolite. The
gradational relations of steatite and talc-carbonate
rock in most places, and of steatite and serpentinite
in only a few, indicate that in most places formation
of steatite followed a preceding stage of formation
of talc-carbonate rock, and only rarely was steatite
formed directly by replacement of serpentinite. The
invariable gradation outward of steatite into black-
wall chlorite rock—in some places including an in-
tervening narrow zone rich in tremolite—shows that
steatitization of country rock followed an advance
wave of chloritization and, locally, tremolitization.

CONTACT ROCKS

The diversity of contact rocks is related both to
major differences in composition of the country
rocks and to the several stages in the history of the
ultramafic rocks.

Inasmuch as the rodingite and serpentine-chlorite
rock association exists within a few meters of the
steatite and blackwall association, and both associa-
tions are in the same kind of country rock (€he, pl.

4D), the two would seem to have formed under dif-
ferent physical conditions and are inferred therefore
to be of different ages. Because rodingite and ser-
pentine-chlorite rock occur only adjacent to serpen-
tinite, at contacts where talcose rocks are absent,
this association seems to be genetically related to
serpentinization or to some older stage. Blackwall
chlorite rock, however, occurs only at contacts where
the ultramafic bodies are marginally altered to tal-
cose rocks. Therefore, this association seems to be
genetically related to steatitization. (See Chidester,
1962, p. 89-93, for a detailed discussion of the age
relations of serpentinite to steatite and blackwall.)
It follows, from the conclusion that serpentinization
is older than and unrelated to steatitization, that the
rodingite and serpentine-chlorite rock association is
older than and unrelated to the steatite and black-
wall association. The association of rodingite and
serpentine-chlorite rock with ultramafic bodies that
contain large volumes of dunite suggests further
that the rodingite and serpentine-chlorite rock may
be entirely or partly related to the stage of emplace-
ment of the ultramafic bodies.

Neither the age of the tremolite rock and chlorite
rock association relative to the other contact associa-
tions nor its genetic relation to the ultramafic rocks
can be determined with complete assurance on the
basis of geologic relations. The absence of talcose
rocks between tremolite rock and serpentinite would
seem to rule out a genetic relation to talcose rocks.
On the other hand, the similarity of the tremolite
rock and chlorite rock association—except for the
absence of the talcose rocks—to the steatite and
blackwall association that contains a tremolite zone
is striking. The most significant fact is that the
tremolite rock and chlorite rock association is con-
fined to amphibolite. This association is probably a
genetic and temporal equivalent of the steatite and
blackwall association, and probably forms, because
of compositional limitations, where country rock bor-
dering ultramafic rock is amphibolite.

In each association, the zoned arrangement of the
contact rocks peripheral to the ultramafic bodies, and
the replacement relation the rock of a zone bears to
that of the next zone outward, demonstrates a se-
quential relation marked by successive mineralogical
changes that proceeded outward from the ultramafic
bodies. This sequential relation requires that the
outer part of each zone be younger than the adjacent
part of the next zone outward, but permits an entire
zone to be younger than the outward adjacent zone.
In the first case, the zones would be essentially con-
temporaneous, and probably closely related genetical-
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ly; in the second case, the zones might be of very
different ages and perhaps unrelated in origin.

The several rocks of the steatite and blackwall
association (steatite, tremolite, blackwall chlorite
rock, albite porphyroblast rock) are contemporane-
ous and are genetically related. This conclusion is
based upon the fact that nowhere do rocks of an
inner zone cut out the rocks of an outer zone if the
composition of the country rock is favorable for the
development of all the zones. The conclusion is sup-
ported by petrologic arguments which are essentially
the same as those presented by Chidester (1962, p.
91-93) for deposits elsewhere in Vermont.

The rocks of the tremolite rock and chlorite rock
association are inferred also to be of contemporane-
ous origin on the basis of their inferred similarity
and genetic equivalency to the rocks of the steatite
and blackwall association. Observed relations in the
relatively scarce exposures of this association sup-
port this conclusion.

Though all are older than the steatitization, the
rocks of the rodingite and serpentine-chlorite rock
association show intersecting relations which indi-
cate that, rather than being essentially contempora-
neous, some of the rocks were separated in time of
formation by a significant but probably small inter-
val. The cutting out of rodingite by serpentine-chlo-
rite rock at some places next to amphibolite, and the
projection of serpentine-chlorite rock beyond the
outer limits of rodingite zones along joints that in-
tersect the zones, strongly suggest that the serpen-
tine-chlorite rock is entirely younger than the
rodingite. The intersection of rodingite by calcite-
chlorite-magnetite veins shows that the veins are
younger than the rodingite, but allows them to be the
same age as serpentine-chlorite rock. The apparent
absence of a serpentine-chlorite rock zone at the west
side of the Eden quarry may be due to locally diffuse
and inconspicuous development of the serpentine-
chlorite rock zone. On the basis of the association of
rodingite and serpentine-chlorite rock with serpen-
tinite and dunite, and of the observed age relations
of the rodingite and serpentine-chlorite rock, logical
conclusions are that the rodingite may be related to
the stage of emplacement of ultramafic rocks that
were appreciably hotter than the surrounding coun-
try rocks, and that the serpentine-chlorite rock and
perhaps also the calcite-chlorite-magnetite veins are
probably wholly related to serpentinization.

Layering in contact rocks, which is observable
commonly in rodingite and locally in serpentine-
chlorite rock, blackwall, and steatite, is entirely in-
herited from the protoliths, though considerably

modified by metasomatism. The distribution and
kind of relict minerals, the similarity in appearance
between layering in contact rocks and that in ad-
jacent country rock, and the existence locally of
layers that can be traced across one or more contact
zones into adjacent country rock, all attest to the
relict character of the layering. Where contacts are
crosscutting and layers can be traced from one zone
to another, absence of discontinuity or of systematic
distortion of layers at contact between zones indi-
cates that replacement was on a volume-for-volume
basis (see Chidester, 1962, p. 93-94).

Chemical changes that took place in the blackwall
and steatite reaction are discussed in detail in an
earlier report (Chidester, 1962, p. 122-124) and are
not repeated here. Table 9 assembles analyses of
suites of specimens of the rodingite and serpentine-
chlorite rock association and of the tremolite rock
and chlorite rock association. The analyses are pre-
sented in terms of composition of equal volumes of
rock (the modified standard cell) so that chemical
changes can be deduced for reactions that took place
on a volume-for-volume basis. These changes are con-
sidered in the appropriate sections (“Rodingite,”
“Serpentine-chlorite rock,” and “Rocks of the tremo-
lite rock and chlorite rock association”) below.

RODINGITE

Rodingite formed by replacement and reconstitu-
tion of country rock bordering ultramafic bodies.
That the rodingite formed indiscriminately from
schist, gneiss, and amphibolite is evident from its
transitional relations to these rocks and from para-
genetic relations of the minerals. The striking devel-
opment of rodingite in schist and gneiss along the
northeastern contact of the Lowell quarry body, and
the relatively inconspicuous development in am-
phibolite at a nearby contact, indicate that in com-
parable structural settings the composition of the
country rock exercises major control in the rodingite
reaction. '

The paragenetic relations of the minerals dis-
tinguish two stages in the formation of the rodingite.
The first stage is characterized by alteration of mafic
minerals to diopside, clinozoisite, and predominantly
birefringent garnet; the second stage is character-
ized by replacement of diopside, clinozoisite, and
other minerals by isotropic garnet and vesuvianite.
The two stages were probably not appreciably sepa-
rated in time; the relations require only that stage
one preceded stage two at any particular point. The
distribution of the minerals indicates that the two



TABLE 9.—Chemical composition and calculated gains or losses of equal volumes of rocks of contact sequences
[Chemical composition is in terms of the contents of the modified standard cell (MSC). (Chidester, 1962, p. 95, 132-137). Dashed line, not determined. Analyses from table 1.]

Total
Specimen No. Rock type Zonal position Si Al Fer  Fet* Mg Ca Na K Ti P Mn C# cations' H (o]
in MSC
A. Rocks of the rodingite and serpentine-chlorite rock association adjacent to amphibolite
AV-78(VT-18) __.._.. Serpentine-chlorite Adjacent to intrusive contact . 31.1 11.1 1.6 0.38 50.7 0.34 0.00 0.00 0.56 0.13 0.29 0.14 96.4 74.9 172.2
rock.
TPT-Vt-11(VT-11) _____. do . _._. Adjacent to rodingite _______ 27.2 15.9 2.3 5.6 40.4 .25 .00 00 65 09 .30 .16 93.0 70.8 165.7
TPT-Vt-10(VT-10) ._Rodingite --Center of rodingite __ 47.0 18.4 1.9 105 13.6 23.3 43 00 96 17 .21 .08  116.3 23.2 186.5
AV-78(VT-12) __._.__ Fine amphibolite -.Country vock _._._. 55.6 20.4 2.0 4.8 6.1 10.9 9.6 40 70 14 .23 07 110.9 6.1 176.7
A-BM-53-140 ___ 52.3 18.7 1.7 7.6 12.7 13.2 4.2 20 79 08 .19 01 111.8 17.7 181.9
A-BM-53-98 ___ 48.4 17.1 4.0 1.6 17.4 13.0 4.0 34 8 15 .22 <07 118.2 15.8 178.9
A-BM-53-139 _____.______ d do 47.2 20.1 3.4 10.1 15.4 12.6 4.5 &4 96 01 27 01 115.7 20.4 183.2
Gain (+) or loss (—) per
MSC in alteration of:
1. VT-12to VT-10 __________ —8.6 —2.0 —.1 5.7 +17.5 +12.4 9.2 —.40 +.26 +.03 —.02 +.01 +54 4171 9.8
2. A-BM-53-140 to VT-10 __ —5.3 —.3 +.2 429 +.9 +101 —3.8 —.20 +.17 4.09 +.02 +.07 4.5 +55 +4.6
3. A-BM-53-98 to VT-10___._ —1.4 1.3 —2.1 +2.9 —3.8 +10.3 —3.6 —.34 —+.16 +.02 —.01 — +31 +74 7.6
4. A-BM-53-139 to VT-10 —.2 —1.7 —.5 +.4 —1.8 4107 —4.1 —.84 0 —+.16 —.06 +.07 +.6 +28 33
5. VT-10 to VT-11 ___ —19.8 —2.5 +.4 —4.9 +26.8 —23.1 .43 0 —.31 —.08 +4.09 +.08 —23.3 -+47.6 —20.8
6. VT-11 to VT-13 _________ +3.9 —4.8 —.7 —5.2 -+10.3 +.09 0 0 —.09 .04 —.01 —.02 34 +41 465
B. Rocks of the rodingite and serpentine-chlorite rock association adjacent to schist
AR-110(VT-20) .___.. Serpentine-chlorite Adjacent to rodingite _______ 30.8 9.7 1.5 0.75 49.8 1.1 0.00 0.00 0.62 0.16 0.29 1.2 96.0 75.9 175.6
rock.
AR-110(VT-21) __..._ Rodingite ____..______ Adjacent to serpentine- 55.0 20.1 2.7 2.9 8.2 20.9 .10 .02 .70 .20 .23 <07 1112 14.5  185.8
chlorite rock.
AR-110(VT-22) ___.___.._ do . 8 em from serpentine- 60.8 18.2 2.3 3.3 5.4 14.6 27 .64 .59 .19 .18 <.07 106.7 6.3 181.2
chlorite rock.
AR-111(VT-23) __._... Graphitic schist ______ Country voek ________________ 51.1 19.7 1.3 5.2 4.8 5.2 3.1 4.5 .68 .25 .12 <.07 96.0 18.7 163.8
Gain (4+) or loss (—) per
MSC in alteration of:
1. VT-23 to VT-22 ________ 497 —15 410 —1.9 4.6 +94 —238 —3.9 —.09 —.06 .06 - 4107 —12.4 +17.4
2. VT-22 to VT-21 _______ —5.8 1.9 4.4 —.4 +-2.8 +6.3 —.17 —.62 +.11 +4.01 +.05 _. 4.5 482 4.6
3. VT-21 to VT-20 —25.0 —10.4 —1.2 —2.2 4416 —19.8 —.10 —.02 —.08 —.,04 +.06 >1.1 —15.2 -}61.4 —10.2
C. Rocks of the tremolite rock and chlorite rock association
AV-209(VT-16) ______ Serpentinite _.________ Adjacent to tremolite rock _. 37.2 1.2 1.0 3.9 50.1 0.80 0.00 0.00 0.01 0.01 0.06 1.13 95.5 68.0 169.0
AV-205(VT-17) ______ Tremolite-chlorite Adjacent to serpentinite ___._ 55.1 3.0 4 3.4 37.0 12.5 .04 .00 .01 .01 .09 15 1119 21.3 179.5
rock.
AV-206(VT-18) _____. Chlorite-tremolite Adjacent to unaltered 31.9 15.6 .8 9.0 33.2 5.8 .02 .00 2.0 .33 .15 2.4 101.8 61.0 176.9
rock amphibolite.
AV-208(VT-19) ._..___ Coarse amphibolite .._45 em from chloritestremolite 44.5 17.2 1.1 11.2 21.6 7.8 3.2 .13 .94 .10 .26 <.08 107.9 34.9 177
rock.
Gain (+4) or loss (—) per
MSC in alteration of:
1. VT-16 to VT-17 __ . +179 418 —6 —.5 —13.1 +1L7 -+.04 .00 .00 .00 +.03 —.98 J-16.4 —46.7 +10
2. VT-19 to VT-18 _________ —126 -—-16 —.3 —22 +11.6 —2.0 —3.2 —.13 +1.1 +.28 —.11 424 —6.6 -+26.1 —0.9

1The total cations per modified standard cell (MSC) is, by definition, equal to 100X F., and is here rounded to one decimal place. Because of rounding procedures, the total does not
necessarily equal the sum of the cations shown to the left of the total.
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stages of alteration proceeded outward from the
contacts of the ultramafic bodies or—-particularly in
the case of the coarse rodingite—from fractures or
fracture zones adjacent to the bodies.

Minerals of coarse rodingite—garnet, vesuvianite,
clinozoisite, zoisite, diopside, calcite, and locally,
prehnite—formed largely by fracture filling, and the
two stages distinguishable in the fine rodingite are
not evident except locally at the margins of fissures.

The fabric of fine rodingite is considerably differ-
ent from that of the protolith. Alteration to diopside
resulted generally in a reduction in grain size with
respect to the protolith. Development of garnet and
vesuvianite imparted a massive character to the rock.
Clinozoisite, most relict minerals, and the titanium
minerals retain generally the textural features and
distribution pattern of the protolith.

The first stage in the development of rodingite
was marked by mineralogical changes and little or
only moderate change in composition. Diopside
formed almost solely by alteration of mafic minerals,
chiefly and perhaps entirely hornblende; the rela-
tion is shown by the incomplete alteration of horn-
blende to diopside along cleavages and at margins of
grains, at many places in the transition zone be-
tween rodingite and country rock. Much, probably
most, clinozoisite is a relict of the protoliths, but
most was appreciably modified in composition (the
content of iron reduced) during alteration. Only
cores of the larger rounded grains appear to
retain their original somewhat more ferriferous
composition.,

The second stage was marked by greater composi-
tional changes. Garnet and vesuvianite formed by
replacement of a variety of minerals of contrasting
composition—diopside, clinozoisite, albite, and other
relict minerals of the country rock. Scalloped boun-
daries of the garnet and vesuvianite, convex toward
the rest of the minerals, and inclusion within them
of diopside, clinozoisite, and other minerals, are evi-
dence of the mode of origin.

The abundance locally of island remnants of gar-
net, diopside, epidote, and vesuvianite in areas of
chlorite, and the persistence with which chlorite in-
vades and embays both those minerals and the min-
erals of the country rock, indicate the replacement
origin of much of the chlorite. On the other hand, the
occurrence in a few places of chlorite in contact with
diopside, clinozoisite, garnet, and vesuvianite, but
not embaying or invading them, suggests the com-
patibility and contemporaneous origin of the min-
erals concerned. There is no direct evidence of the

age of chlorite that replaces the country rock min-
erals, relative to chlorite that replaces the minerals
of the rodingite. The simplest interpretation appears
to be that the chlorite in apparent equilibrium with
diopside and other minerals of the rodingite, and the
chlorite that replaces the minerals of the country
rock, are contemporaneous; chlorite that replaces
the minerals of the rodingite is distinctly later.

In the development of rodingite, the titanium min-
erals appear to follow the progressive alteration of
rutile to ilmenite to sphene, for sphene is greatly pre-
dominant, rutile is present only as a core surrounded
successively by shells of ilmenite and sphene, or il-
menite forms the core alone. Some sphene, particu-
larly euhedral grains, possibly originated in the
alteration of slightly titaniferous hornblende to less
titaniferous diopside. If so, the proportion is small,
inasmuch as protolithic amphibolite contains about
the same amount of titanium minerals as rodingite.

Prehnite mostly fills tiny fractures in fine roding-
ite. In rare instances where it is intermixed with
other groundmass minerals, prehnite presumably
formed by replacement, possibly of albite.

Other minerals in rodingite are relicts of the
protoliths.

Increase in content of Ca is the dominant chemical
change in the alteration of both amphibolite and
schist to rodingite; the content of Na and K also
decreased consistently (table 9, sections A and B).
Other changes show no significant pattern. Infer-
ences concerning changes in content of (OH) are
unreliable because of widespread retrograde altera-
tions (particularly chloritization) that affect both
rodingite and amphibolite.

Assemblages in the rodingite are of apparently
higher metamorphic grade than those of the schist
and amphibolite, but the narrowness of the rodingite
zone indicates that factors leading to formation of
rodingite were limited to a narrow zone at margins
of the larger ultramafic bodies. The possible control-
ling factors in the narrow zone include increased
temperature, decreased partial pressure of water,
and influx of Ca. Increased temperature in a narrow
zone surrounding the ultramafic body may have re-
sulted from the ultramafic rocks being hotter than
surrounding country rock at the time of emplace-
ment. A lowered partial pressure of water immedi-
ately adjacent to the ultramafic body may be
attributed to the desiccating effect of dunite in the
larger bodies. Influx of Ca may have resulted from
the outward migration of Ca from the ultramafic
rocks as a result of serpentinization (see table 7,
section A-D).
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SERPENTINE-CHLORITE ROCK

Serpentine-chlorite rock formed almost entirely by
replacement of rodingite. Locally, along small faults
that intersect the rodingite zone and where serpen-
tine-chlorite rock transects the rodingite zone, ser-
pentine-chlorite rock replaces amphibolite directly,
but such places are relatively rare, and the amount
of serpentine-chlorite rock so formed is small. These
conclusions are evident from relations of the rocks,
relict minerals, and preservation of a distinctive pat-
tern of former grains and patches of garnet and
vesuvianite at many places in the serpentine-chlorite
rock.

Almost the sole reaction in formation of serpen-
tine-chlorite rock is wholesale conversion of the min-
erals of rodingite—or, in rare instances, amphibolite
—to a mixture of chlorite and serpentine. The only
exception is a change involving the titanium miner-
als sphene, rutile, and ilmenite.

The predominance of chlorite in the outer part
(next to rodingite) of the serpentine-chlorite rock
zone and of serpentine in the inner part (next to the
ultramafic body) indicates that at all stages during
development of the zone chlorite predominated over
serpentine near the interface with rodingite, and ser-
pentine over chlorite near the interface with serpen-
tinite. The initial stage at any particular point was
thus marked by alteration of minerals of the roding-
ite to chlorite and minor serpentine. As the zone
widened, more and more of the chlorite must have
been converted to serpentine, so that the end product
was a zone composed at the inner margin predomi-
nantly of serpentine and of only minor chlorite, and
at the outer border, predominantly of chlorite and of
only minor serpentine.

During formation of serpentine-chlorite rock, both
sphene and rutile altered to ilmenite, for both are
absent, whereas ilmenite is present. The relation of
single titanium-mineral grains at the contact be-
tween rodingite and serpentine-chlorite rock (see
section on “Serpentine chlorite rock” under ‘“Contact
rocks” in the section on “Ultramafic and associated
rocks”), which consist of sphene on the rodingite
side and of ilmenite on the serpentine-chlorite side
of the contact, further supports this conclusion. An
increase in total content of titanium minerals in
serpentine-chlorite rock as compared with rodingite
requires a source outside the titanium minerals.
Diopside, garnet, and vesuvianite are possible
sources of both the required iron and titanium.

Table 9, sections A and B, show that the dominant
and only consistent chemical change was a several-

fold increase in content of Mg. Other changes vary
with composition of the country rock and reflect
chiefly decreases in content of Al, Fe+? Ca, Na, and
K imposed by the limiting compositional ranges of
chlorite and serpentine.

CHLORITE-CALCITE-MAGNETITE VEINS

Veins of chlorite, calcite, and magnetite associated
with rodingite and serpentine-chlorite rock are
younger than rodingite, which they crosscut. They
are also at least partly younger than serpentine-
chlorite rock, for locally they crosscut it, but they
are virtually contemporaneous with the serpentine-
chlorite rock.

The minerals of the veins formed largely by fissure
filling, as is shown by the euhedral form of much of
the chlorite and magnetite, the common orientation
of columnar calcite and elongated books of chlorite
normal to the vein walls, and the geometry of the
veins—Ilocally wedge form, generally smooth walls,
matching irregularities in opposite walls (though
rare). The generally small scale of irregularities in-
dicative of replacement implies that replacement
was of minor importance in formation of the veins.

These relations, together with petrologic consid-
erations based on interrelations between serpentine
veins, pervasively serpentinized dunite, rodingite,
and serpentine-chlorite rock (see section on “Ser-
pentine veins” under “Petrogenesis” in the section
on “Ultramafic and associated rocks” and in the same
section see ‘“Serpentine-chlorite rock” under “Con-
tact rocks”), suggest that chlorite-calcite-magnetite
veins formed essentially contemporaneously with
serpentine veins. These relations also suggest that
the constituents were derived from excess cations
(chiefly Mg, Fe, Ca, Al, Si) displaced from wallrock
adjacent to the serpentine veins and from that part
of the pervasive serpentinization of dunite that ac-
companied formation of the serpentine veins.

ROCKS OF THE STEATITE AND BLACKWALL CHLORITE
ROCK ASSOCIATION

The geologic relations, relict minerals, and textur-
al features indicate that blackwall and steatite are
contemporaneous and that blackwall formed by re-
placement of the schist bordering the serpentinite,
whereas the steatite formed chiefly by replacement
of serpentinite or tale-carbonate rock but partly by
replacement of blackwall. Where the schist con-
tained sufficient caleic and mafic minerals, a trem-
olite zone formed between the steatite and black-
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wall; where it was albitic, an albite porphyro-
blast rock zone formed at the outer margin of the
blackwall zone. By analogy, it seems likely that a
relatively high content of muscovite in the country
rock may have led to heavy concentration of musco-
vite at the outer part of the blackwall zone.

The textural relations of the minerals indicate that
albite porphyroblast rock has replaced the schist,
blackwall has replaced the albite porphyroblast rock,
and steatite has replaced the blackwall. Such rela-
tions clearly indicate sequential development of the
rocks. These relations and the contemporaneity of
the zones indicate that the zones formed simultane-
ously by outwardly migrating reactions, so that the
outer part of each zone is younger than the inner
part of the next zone outward.

Tremolite rock in the blackwall-steatite associa-
tion replaces both blackwall and steatite at either
margin. It therefore widened at the expense of both
and differs from other rocks in the association in
that at its outer margin it is younger than the inner
part of the blackwall and at its inner margin it is
younger than the outer part of the steatite. The zone
as a whole, however, is the same age as the others.

Chlorite, the sole essential constituent of the black-
wall, formed by replacement of all the minerals of
the schist. Albite formed in the adjacent albite por-
phyroblast zone by enlargement of preexisting crys-
tals of albite and by growth of new crystals; concen-
trations of muscovite in the same relative position
probably formed similarly. Tremolite grew by re-
placement both of chlorite in the blackwall and of
talc in the steatite. Talc in the steatite zone formed
chiefly by replacement of serpentine, in some places
directly but in most places with an intermediate
stage of formation of tale-carbonate rock. Where
tremolite rock is absent, talc also replaced chlorite
in the blackwall zone for a short distance beyond the
original contact of the ultramafic rock.

In the blackwall, albite porphyroblast rock, and
tremolite rock zones the titanium minerals under-
went a progressive alteration from ilmenite—ru-
tile—ssphene, illustrated at-many places by cores of
ilmenite surrounded successively by shells of rutile
and sphene and by the great preponderance of
sphene over ilmenite and rutile in general. The de-
crease in content of sphene in the alteration of black-
wall to steatite suggests that in the alteration, ap-
preciable titanium was incorporated in tale.

ROCKS OF THE TREMOLITE AND CHLORITE ROCK
ASSOCIATION

Petrogenic relations of the tremolite and chlorite
rock association are somewhat doubtful, partly be-
cause the rocks are unevenly distributed and er-
ratically exposed. Chlorite rock replaces amphibolite
bordering serpentinite, and tremolite replaces the
chlorite rock. Tremolite may replace serpentinite,
but evidence was not seen. The tremolite and chlorite
rock association is inferred to be equivalent to the
steatite and blackwall association in an amphibolite
environment, and, by analogy, tremolite rock is in-
ferred to be the same general age as chlorite rock.

OTHER ASSOCIATIONS

Irregular alteration zones in country rock adjacent
to masses of talec-carbonate rock and carbonate-
quartz rock in dunite superficially resemble the
blackwall assemblage but are probably related to
carbonatization rather than to steatite-blackwall al-
teration. Because exposure is inadequate, precise
relations are not known. However, the general as-
sociation of such alteration zones with talc-carbonate
and carbonate-quartz masses in dunite, and petro-
logic considerations as discussed before (in section
on “Steatite, talc-carbonate rock, and carbonate-
quartz rock” under “Petrogenesis” in section on
“Ultramafic and associated rocks”) suggest that the
alteration of country rock in these zones resulted
from influx of material displaced from dunite when
the dunite was altered to talc-carbonate rock and
carbonate-quartz rock. The influx of constituents
(principally Mg, Si, Al, and Fe) resulted in outward
displacement of constituents of the schist, forming
crudely zoned but irregularly distributed concentra-
tions of tale, chlorite, sericite, and albite.

STRUCTURE

The structure of the Belvidere Mountain area is
dominated by folds and by intrusive bodies of ultra-
mafic rock, whose combined effect imparts a compli-
cated sinuous pattern to the lithic units (pls. 1, 2,
and 3). Faults play a comparatively inconspicuous
role, being apparent chiefly in minor offsets in con-
tacts of ultramafic bodies. In addition to major struc-
tures, a wide variety of minor structural features—
layering, foliations, planar features, warped sur-
faces, and lineations—impart distinctive character-
istics to the rocks and bear consistent and signifi-
cant relations to each other and to major structures.
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MAJOR STRUCTURAL FEATURES

On the basis of major structural trends (that is,
those evinced by map patterns), the area is divided
into three parts, each having characteristic rock as-
sociations. In the northeastern part of the area,
which consists chiefly of metamorphosed sedimen-
tary and volcanic rocks, structural trends are pre-
dominantly about east. In the southwestern part,
which also consists chiefly of metamorphosed sedi-
mentary and volcanic rocks, the trends are about
north. In the zone between these two parts, which
consists chiefly of intrusive ultramafic rocks, struc-
tural features of the intrusive bodies are prominent,
and structural trends are diverse (pl. 1).

The bodies of ultramafic rock are grossly conform-
able with the country rock formations and with in-
tervening contact rocks. The configurations of the
bodies vary in complexity with size. The smaller
bodies show chiefly intrusive structures and are
simple lenses. The large bodies show both intrusive
structures and two sets of folds and are complexly
warped.

Two sets of major folds emerge from the pattern
of diverse and contrasting structural trends. In the
northeastern part of the area, the two sets of folds
are markedly divergent, and east- to southeast-
trending folds predominate greatly over southwest-
trending ones. Southwestward, both sets warp
around more and more into the south, and the two
sets become less and less divergent, so that in the
southwesternmost part of the area they are nearly
parallel and trend about north.

The character and style of the two sets of major
folds (hereafter referred to simply as ‘‘southeast-
trending” and “southwest-trending”) and the nature
of the relation between the two sets are not known
with certainty, because conditions of exposure are
inadequate to determine precisely the map pattern
of the rock units. Differences in style are not strik-
ing, but the southeast-trending folds generally are
compressed and attenuated, and the southwest-trend-
ing ones are somewhat more open.

Faults and shear zones in the area commonly do
not intersect major folds, and so the relations of the
one to the other cannot be determined unequivocally.
Both faults and shear zones are unaffected by fold-
ing, and both intersect and offset contacts of in-
trusive bodies.

ULTRAMAFIC INTRUSIVE BODIES

Most of the major structural features of the ultra-
mafic bodies, such as shape, layering, inclusions and

septa, and schistose zones characterized by shear
polyhedrons, are independent of the adjacent country
rocks, but folds and shear zones are shared with the
country rocks. In general, features of the ultramafic
bodies are intersected by one or more sets of the
folds and shear zones.

SIZE AND SHAPE

The ultramafic intrusive bodies are lenses for
which the ratio of strike length to thickness appears
to be roughly on the order of 5:1. Three-dimensional
relations can be determined directly only for the
main ultramafic body. In it, the intermediate axis is
about parallel to the strike of the principal plane;
the major axis is about downdip and roughly twice
the length of the intermediate axis. The geometric
relations of the other ultramafic bodies are inferred
to be generally similar.

The main ultramafic body is bordered on the
southwest and northeast by southeast-trending syn-
clines; between them, the now eroded upper contact
of the body forms a broad anticlinal arch trending
southeast about coincident with the major axis of the
lens. Small sharp warps in the lens marked by in-
folds of Belvidere Mountain Formation (€bf)—one
just southwest of the Lowell quarry, a second near
103,500 N., 93,000 E. on the northeast flank of Belvi-
dere Mountain, and a third between the main peak
and the west peak of Belvidere Mountain (pl. 1)—
are produced by synclinal folds of the southeast-
trending set. The folds that bring the main ultra-
mafic body to the surface in an anticline in the vicin-
ity of Corez Pond, and probably the broad syncline
that warps the body below a cap of amphibolite at
the crest of Belvidere Mountain, belong to the south-
west-trending set. In overall attitude, the main body
strikes about northeast and dips gently to moderate-
ly southeast.

CONTACT RELATIONS

Intrusive contacts of the small ultramafic bodies
are almost entirely conformable; those of the main
ultramafic body are generally grossly conformable
with the adjacent map units of country rock, but
they are slightly to moderately crosscutting in many
places. These contact relations are shown at various
scales in figures 3 and 4, and plates 1-4. Both the
strictly conformable and the crosscutting relations
are best shown in the vicinity of the Lowell quarry,
in the area of the tenuous connection between the
Lowell quarry body and the Corez Pond body, and at
several places along both the northeast and the
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southwest contacts. Abundant isolated inclusions and
projecting septa of wallrock in the serpentinite fur-
ther demonstrate the prevalence of slightly erosscut-
ting relations in the Lowell quarry body.

INCLUSIONS AND SEPTA

Inclusions and septa of wallrock are exposed at
many places in the Lowell quarry body and at a few
places in the less well exposed Eden quarry body. A
large projecting septum of coarse amphibolite sepa-
rates two clawlike prongs of ultramafic rock at the
northwest end of the Lowell quarry body near
101,000N., 96,000 E. (pls. 1 and 3). Lenses of coarse
amphibolite extend from this septum southeastward
in the ultramafic body in an irregular and discon-
tinuous pattern toward another septum that pro-
jects from the northeast wall near the southeasern
end of the quarry. Near 99,900 N., 98,300 E. (pl
3, this septum becomes glued tight to the schist,
but about 100 m farther southeast it is separated
from the schist and is breached by a thin tongue of
serpentinite that projects from the Corez Pond body
and connects with the Lowell quarry body. A large
slab of schist and gneiss projects conspicuously from
the northeast contact near the center of the Lowell
quarry (pl. 3). Several small septa of amphibolite
are exposed near the southeast contact of the Eden
quarry body (pl. 1).

Small pendulous or lenticular masses of amphibo-
lite, completely isolated within the serpentinite or
joined to wallrock by only a narrow neck are a dis-
tinctive feature of the southwest contact of the
Lowell quarry body between 100,000 N., 97,400 E.,
and 99,800 N., 97,600 E. (pl. 8). The contacts of these
masses are conformable with bedding schistosity
except in narrow necked-off parts of a mass and at
faults, and are conformable with thin zones of ser-
pentine-chlorite rock and rodingite that border the
masses. Some of the masses may be nearly cigar-
shaped in plan, but most or all are probably elon-
gated vertically, so that their shape is roughly like
that of an airplane wing (pl. 4B and C). These fea-
tures are discussed further in the section “Folds in
ultramafic rocks.”

LAYERING

The overall pattern of layering in the ultramafic
rocks is known only sketchily for most of the ultra-
mafic bodies because of both insufficient outerop and
insufficient detailed study outside the active quarry
areas. Scattered observations on the eastern slope of
Belvidere Mountain and detailed mapping in the C-

area (pl. 1) suggest that the layering there is very
roughly conformable with the infrusive contacts.
Layering in the dunite near the center of the Lowell
quarry is markedly unconformable with the contacts
of the body. In this large mass of dunite, the layer-
ing has a mosaic pattern in which the units are ir-
regular fault blocks a few tens to a few hundred feet
across (pl. 3).

SHEARING

The outcrop pattern of shearing in the ultramafic
bodies ranges from essentially linear tabular shear
zones (fig. 3 and pl. 3) to very irregular schistose
serpentinite masses characterized by shear poly-
hedrons (pls. 8 and 44). In places, tabular shear
zones intersect and can be traced through irregular
zones of schistose serpentinite. Elsewhere, the shear
zones can be traced only a short distance into the ir-
regular schistose areas, where they lose their identi-
ty (fig. 3 and pl. 44, B,and C).

Some of the shear zones are about parallel to the
northeast-trending set in the adjacent wallrock, and
some—such as those in the dunite mass near the cen-
ter of the Lowell quarry—have regularities of pat-
tern throughout areas as much as a few hundred feet
across. Many are diversely oriented, however, and
no general pattern is discernible for the area as a
whole. The irregular zones of sheared serpentinite
are generally peripheral to the bodies. In many
places, these general relations are obscured by
irregularities.

SOUTHEAST-TRENDING MAJOR FOLDS

Several folds of the southeast-trending set are dis-
tinguishable in the area. Most conspicuous is avn east-
trending syncline that parallels the eastern half of
the northern border. Southwestward, successive syn-
clines have increasingly southeast trends (compare
the synclines northeast and southwest of the Eden
quarry body). A syncline west of Scofield Ledges,
near the 89,000 E. grid line (pl. 1), whose trough is
marked by a long-narrow, north-trending belt of fine
amphibolite, probably also belongs to this set of
folds, but it cannot be distinguished with certainty
from the southwest-trending set. These four narrow
synclines are separated by appreciably wider anti-
clinal tracts. Other, smaller folds in the southwest-
ern part of the area may also belong to this set. All
folds of the set tend to converge in plan toward the
northwest corner of the area.

Folds of the southeast-trending set are nearly iso-
clinal ; axial planes are about vertical. The gross map
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pattern requires the fold axes to plunge gently to
the east, southeast, or south. Except near the main
ultramafic body, second-order features in the fold
pattern are inferred from generally inadequate out-
crop data. Most of those shown in figure 3 are large-
ly interpretive, but none show mirror symmetry with
respect to the axial planes of the major folds. Rath-
er, the pattern is the same in the region of the axial
plane and in both limbs of the major fold.

SOUTHWEST-TRENDING MAJOR FOLDS

Folds of the southwest-trending set are subordi-
nate to those of the other set. The principal ones are
the synclinal and anticlinal folds at the southeast
margin of the Eden quarry body, responsible for the
complex map pattern in the vicinity west of Corez
Pond (pl. 1) ; the folds in the contact between the
Ottauquechee and Stowe along the southeastern mar-
gin of the outcrop area of the Ottauquechee; the
broad synclinal fold in the amphibolite that caps
Belvidere Mountain; and the folds that impart a zig-
zag pattern to the northeastern contact of the Eden
quarry body and to the nearby formations to the
northeast.

The folds are moderately open in style and have
steep axial planes. The plunges of the axes are vari-
able, depending largely upon relations to the south-
east-trending folds and to the contacts of the main
ultramafic body, but the predominant plunge is gent-
ly to moderately south or southwest. Representation
of the detailed configuration of the folds is to a con-
siderable extent interpretive, though appreciably less
so than in the case of the southeast-trending folds,
but it is reasonably clear that the secondary fold pat-
terns have mirror symmetry with respect to the axial
planes of the major folds.

FAULTS

Observed faults, minor in their extent and struc-
tural effect, are confined virtually to the vicinity of
the ultramafic bodies, but such location may be large-
ly due to conditions of exposure. A small fault at the
northeast margin of the Eden quarry body just west
of the Lowell quarry (pl. 8), exposed for a map dis-
tance of about 100 m and inferred to extend along
the contact for an additional 400 m, probably has a
displacement of not more than a few tens of meters.
The fault trends northwestward and dips moderate-
ly to the southwest.

Narrow shear zones a few tens of meters to more
than a hundred meters long are abundant in the
vieinity of the ultramafic bodies (pl. 3). Most of

them belong to a set that trends a little east of north
and is nearly vertical. Others are diversely oriented,
commonly irregular, and dip moderately to steeply.
Though all types occur in both the ultramafic bodies
and in the country rock, the set that trends east of
north predominates in the country rock, the diverse-
ly oriented ones predominate in the ultramafic
bodies.

The linear belts of talc-carbonate rock that trend
northward within the Eden quarry body near the
94,000 E. mine coordinate may mark fault zones, but
there is no direct evidence to so identify them.

MINOR STRUCTURAL FEATURES

Minor structural features (which are represented
on maps by a structural symbol) in the area com-
prise a wide variety of foliations, structural sur-
faces, zones of distributed shearing, folds, and linea-
tions. For these, the petrographic aspects have been
described under the section on “Rocks.” In the pres-
ent section, the geometric relations of the structural
elements are described.

The terminology is for the most part that com-
monly used, but a statement of usage for some terms
may be desirable (see Chidester, 1962, p. 17). Bed-
ding schistosity is everywhere parallel to bedding,
even in the noses of small isoclinal folds; it is gen-
erally, perhaps always, a continuous schistosity, in
which all platy minerals are uniformly parallel.
Transverse or transecting schistosity transects bed-
ding (and bedding schistosity) in suitable structural
situations, such as in the limbs of folds that diverge
sufficiently from the axial planes, and in the noses of
isoclinal folds. Transverse schistosity is always a
spaced schistosity which consists of discretely spaced
surfaces of flexure, fracture, or shear that mark dis-
continuities in the fabric of the rock. Slip cleavage
is a transverse schistosity associated with clearly
identifiable flexures or crinkles in an older schistosi-
ty. Fracture cleavage consists of closely spaced frac-
tures without significant alinement of minerals along
them. Under field conditions, transverse schistosity
is not always clearly and readily identifiable as eith-
er slip cleavage or fracture cleavage; indeed, it may
appear megascopically to be a continuous schistosity.
Microscopically, however, it is always identifiable as
a spaced schistosity.

In much of the ultramafic rock, schistosity cannot
be classified on the basis of intersecting relations and
must be classified simply as continuous or as spaced
schistosity.
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The associations and intersecting relations of the
minor structural features are systematic, and their
spatial patterns are of differing complexity (homo-
geneity and symmetry) at the scale of normal mega-
scopic observations and for the field of the entire
area. In general, the simpler the spatial pattern of a
structural element, the larger the minimum domain
for which the element is penetrative (for example,
the wider the spacing of a regularly spaced schis-
tosity) and the fewer the structural elements that
intersect it. From these relations, it follows that the
simpler the spatial pattern of a structural element,
and the larger the minimum domain for W‘hich the
element can be considered to be penetrative, the
younger the element.

On the basis of these relations, many of the classes
of structural features can be divided into two or
more sets of different age, such as older and younger
folds and related structural elements, and several
ages of schistosity.

As a general rule, minor structures in the country
rock cannot be related directly to those in the ultra-
mafic rocks, including those that involve the con-
tacts, because of the lack of suitable elements in
common. Similarities in style and pattern, and other
relations, permit indirect correlation. Because they
are not directly related, however, the structural
features in the two kinds of rocks are best treated
separately.

BEDDING

Bedding commonly can be traced for as much as
several tens of meters or the entire extent of an out-
crop in quartzite, in highly quartzose schist and
gneiss, and in much of the amphibolite. In the less
quartzose thinly laminated schists, the bedding is
similarly distinet and traceable in favorable struc-
tural settings, but generally it is traceable for only a
few centimeters or is virtually indistinguishable,
particularly in the highly graphitic schist and in the
chloritic schist characteristics of the Stowe. Indi-
vidual bedding laminations appear to be parallel to
larger bedding units in most places but diverge
slightly where facies relations are evident, as in the
area depicted on plate 4D.

The attitude of bedding varies greatly, from vir-
tually planar through simply folded to intricately
contorted. Individual measurements of bedding atti-
tudes throughout the area range virtually through
360° in strike and vary from horizontal to vertical
in dip. In the northeastern part of the area, strikes
deviate only moderately from east, and dips are

moderate southward. In the southwestern part of
the area, strikes of bedding are predominantly a
little either side of north; dips are steeply either
side of vertical. The central wedge-shaped area has
more diverse bedding patterns and no predominant
trend.

BEDDING SCHISTOSITY

Bedding schistosity is best developed in rocks that
have distinctive micaceous layers, but it has com-
monly been obscured or obliterated by intersecting
structural features. The spatial pattern of bedding
schistosity is, of course, identical with that of bed-
ding.

LAYERING IN ULTRAMAFIC ROCKS

Layers from a centimeter to as much as half a
meter thick are conspicuous in most of the dunite
and periodotite and in much of the massive serpen-
tinite. The layering results from differences in color,
texture, and mineralogy.

The layering is nearly planar or only moderately
warped in most places, but at several places in the
C-area it is folded in simple patterns on a small
scale. At the many small faults that offset the layer-
ing by a few centimeters, the layering generally
differs appreciably in attitude on either side of the
fault. Layering is commonly transected at a high
angle by zones of schistose serpentinite, but the re-
lations are variable, and in places the boundaries of
schistose zones are parallel to layering.

Observed attitudes of layering are diverse and
conform to no simple pattern.

DIMENSIONAL ORIENTATION OF PRIMARY
MINERALS IN DUNITE AND PERIDOTITE

Most of the primary minerals in the ultramafic
igneous rocks are about equidimensional; therefore,
dimensional parallelism of minerals in these rocks
is seldom noticeable. In places, pseudomorphs after
pyroxene and rare relict grains of pyroxene are of
tabular habit; such tabular grains are generally
alined roughly parallel to the layering.

Preferred crystallographic orientation of olivine
in dunite is shown in a few thin sections by crude
mass parallel extinction. The olivine is commonly
alined with (010) cleavage parallel to preferentially
serpentinized layers, which locally have a parallel
continuous schistosity. The macroscopic relations of
this foliation in the dunite and peridotite are not
known, but these few microscopic observations sug-
gest that the foliation may be parallel to layering.
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SHEAR POLYHEDRONS

Shear polyhedrons (Chidester and others, 1951,
p. T) consist ideally of closely packed polyhedral
units of relatively unsheared massive serpentinite
surrounded by generally thin zones of highly sheared
schistose serpentinite. The polyhedral units com-
monly present an irregular pattern, and the schis-
tosity in the enclosing thin sheared zones conforms
with the outlines of the units. In many places, the
polyhedrons are distinctly triaxial, their principal
planes are crudely alined with the zone of shearing,
and the schistosity tails off at the ends of poly-
hedrons tangentially to their principal planes. These
relations are complicated and obscured in many
places by the intersection of distributed shears re-
lated to small faults.

FOLDS

Minor folds are prevalent in both the metamor-
phosed sedimentary and volcanic rocks and the
ultramafic rocks. In both, the folds can be grouped
into several sets on the basis of style and interrela-
tions, and, in both, the form surfaces (McIntyre and
Weiss, 1957, p. 149; Weiss, 1959, p. 16) that define
the folds can be divided into types that differ in
kind, particularly in tectonic relations.

FOLDS IN THE METAMORPHOSED SEDIMENTARY
AND VOLCANIC ROCKS

Minor folds in the metasedimentary and metavol-
canic rocks may be classified principally into two
groups on the basis of style and intersecting rela-
tions: an older set of tightly compressed plastic
folds, and a younger set of more open brittle-style
folds which refold the older folds where the geo-
metric relations are appropriate. Both these sets of
folds range in amplitude from a few centimeters to
as much as several meters and involve generally a
considerable number of beds. A third type of fold is
consistently on the order of a centimeter in ampli-
tude and is shown only by the pattern of quartzose
layers. These folds are plastic in style, and the limbs
are tightly compressed. The distinctness of the fold
form varies widely, so that in places the feature is
distinguishable only as quartz rodding.

In general, the axes of the older folds and of the
folded quartz lenses are at a large angle to the axes
of nearby younger folds. Some of the older folds are
complex in form, and their structural elements vary
markely in attitude. The younger folds, though also
variable, are more regular and are uniformly simple
in form.

Form surfaces that define older minor folds and
isoclinally folded quartz lenses are invariably bed-
ding or bedding schistosity, whatever the scale of
observation. Where older -folds and folded quartz
lenses are absent, bedding and bedding schistosity
also serve as the form surfaces of the younger folds;
where older folds are present, the form surfaces of
the younger folds consist of transverse schistosity
and axial surfaces of the older folds.

Older folds.—Minor folds of the older set are
sparse in the area. An excellent example of one,
folded by a later fold, is exposed near 103,500 N.,
94,300 K. (pl. 1). The limbs are isoclinal, the axial
plane dips moderately south, and the fold axis
plunges gently west overall, but all these elements
are folded about a younger southwest-trending axis.
A few other minor folds having isoclinal limbs and
anomalous axial trends, but having no evident rela-
tion to younger folds, are probably of the older set;
the fold symbolized near 100,940 N., 96,580 E. is
probably an example (pl. 3). The distinctive features
of these folds appear to be a plastic style, virtually
isoclinal limbs, nearly east-trending axes, and—de-
pending upon position with relation to younger folds
—Ilocally warped and variable limbs, axial planes,
and axes.

Folded quartz lenses.—Isoclinally folded quartz
lenses are relatively rare in the area and occur
chiefly in the highly schistose rocks. The folded
quartz layers are greatly thickened in the noses of
the folds and thinned or pinched out on the limbs, so
that the form is that of a flattened cylinder folded
about axes parallel to that of the cylinder. In the
more highly deformed lenses, the limbs are nearly
obliterated, and the thickened noses coalesce so as to
be nearly indistinguishable from quartz rods.

The attitude of the rodding varies, but most rods
are oriented about down the dip of bedding schis-
tosity.

Younger folds.—Younger minor folds are abun-
dant in the metasedimentary and metavoleanic
rocks, but they vary in expression and abundance
according to rock type. They range in style from
moderately tight, straight limbed, sharp crested
folds of generally small amplitude in the micaceous
schist, to broad open warps in the more massive
rocks such as the amphibolite.

The younger folds vary appreciably in attitude,
and the variations show a crude pattern with respect
to areal position. Axial planes are predominantly
steep; they range in strike from northeast or east in
the northeastern part of the area, to north or north-
east in the southwestern part. The plunge of axes
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ranges from steeply southward to gently north or
south. The folds have dextral, neutral, and sinistral
patterns, all associated with both northerly and
southerly plunges, but dextral patterns associated
with southerly plunges predominate. Folds near
ultramafic bodies deviate from the general trend.

FOLDS IN ULTRAMAFIC ROCKS

Minor folds are common in the ultramafic rocks.
The folds vary widely in form and orientation: from
isoclinal or attenuated and plastic to open and brittle
in style, and from steep to gentle and through a wide
range of trends in the attitudes of axes and axial
planes. They are defined by form surfaces of two
types: (1) surfaces that bear no genetic relation to
folding, such as layering in the ultramafic rocks and
intrusive contacts; and (2) foliation that is demon-
strably related to folding, such as schistosity and
cleavage that is axial plane to folds in the contacts
of the ultramafic bodies (fig. 8, pls. 1, 2, 3, and 4A4,
B, and C).

The relation between the style and pattern of a
fold and the kind of form surface that defines it is
not simple. The sparse folds in layering range from
nearly isoclinal to open and are variable in attitude
and pattern. Folds in the contacts between serpen-
tinite and amphibolite are mostly plastic in style,
and the limbs are isoclinal or greatly attenuated.
Some, however, are fairly open. Those in contacts
between serpentinite and gneiss or schist are all
open and tend toward a more brittle style. Most of
the folds in the contacts have moderate to steep axes
and a dextral fold pattern in plan, but a few are
sinistral or neutral; near 101,000 N., 95,000 E. (pl.
1), a regular alternation of groups of dextral and
sinistral small-scale folds that have gentle to mod-
erate plunges results in a generally neutral pattern.
Folds in the schistosity of the serpentinite are open
and have fairly sharp troughs and crests. Some,
such as those at 101,000 N., 95,000 E., are similar in
style and attitude to nearby folds in the country
rock. Others, such as those at 100,000 N., 97,430 E.
(pl. 4C), have attitudes that diverge greatly from
those of folds in the country rock.

TRANSVERSE SCHISTOSITY

Schistosity that transects or is transverse to bed-
ding in the metamorphosed sedimentary and vol-
canic rocks is varied in appearance and in relations
to bedding and folding. Two classes are distin-
guished on the basis of these relations: an older
transverse schistosity, which bears an axial-plane
relation to the older folds and which is virtually

parallel to bedding, except in the noses of the older
folds into which the schistosity abuts; and a younger
transverse schistosity, which bears an axial-plane
relation to the younger folds and is nearly every-
where divergent from bedding.

OLDER SCHISTOSITY

The older transverse schistosity consists entirely
of generally parallel shear surfaces so closely spaced
that they are resolvable with difficulty or are only
resolvable microscopically. These shear surfaces are
parallel to bedding and bedding schistosity through-
out most or the entire extent of observation, but
wherever the relations to older folds are seen, the
shear surfaces are axial plane to the folds and butt
into them.

Transverse schistosity generally parallel to bed-
ding is seen chiefly in the gneiss and the more quartz-
itic varieties of schist and is subordinate to contin-
vous bedding schistosity. Within the field of most
outcrops, the pattern of this older transverse schis-
tosity is virtually identical with that of bedding
schistosity; it is only in much larger fields that the
two diverge significantly. Consequently, measure-
ments of attitudes of bedding schistosity nearly
always also serve to record attitudes of the older
transverse schistosity; a separate symbol for the
older schistosity is almost never recorded.

YOUNGER SCHISTOSITY

The younger transverse schistosity occurs in dis-
tinctively different habits that correlate with lith-
ology and that intergrade in conformance with
changes in lithology. In granular rocks (quartzite
and micaceous quartzite), the younger schistosity is
a fracture cleavage; in quartzose mica schists,
schistosity is a slip cleavage. In highly graphitic and
phyllitic schists, the younger schistosity is generally
classifiable as slip cleavage only in thin section.

All types of younger transverse schistosity con-
form to the same general spatial pattern and have
about the same range of ‘variation in attitude as do
the younger folds. The schistosity is predominantly
steep and varies significantly in strike only on a
fairly large scale and in a simple manner. In the
northeastern part of the area, it strikes chiefly
northeast or east; in the southwestern part, it
strikes north or northeast.

Fracture cleavage—Fracture cleavage is char-
acteristic of granular rocks such as quartzite and
micaceous quartzite and is generally subordinate to
bedding schistosity and to older transverse schis-
tosity. The cleavage consists of parallel or subparal-
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lel fractures spaced a few millimeters apart, along
which differential movement is very small or indis-
cernible. Micaceous minerals in the rock are not
alined parallel to the fractures. Fracture cleavage
is generally most conspicuous in troughs and crests
of folds; commonly the cleavage surfaces are not
strictly parallel but fan symmetrically on either side
of the axial plane.

Slip cleavage.—Slip cleavage is a spaced schis-
tosity that bears a regular relation to crinkles in an
older schistosity and consists of discretely spaced
surfaces of parting or incipient parting subparallel
to the limbs of the crinkles and about parallel to
their axial planes. It is distinctive of much of the
schist and gneiss in the area. (See White, 1949, for
a detailed discussion of slip cleavage.) It varies in
expression from predominant over bedding schis-
tosity to subordinate to it. The micaceous minerals
of the rock are not generally alined parallel to the
slip cleavage, though the shingled arrangement of
micas in the attenuated limbs of crinkles commonly
results in near parallelism. Where the attenuated
limbs have actually been disrupted and sheared,
some of the mica flakes are commonly parallel with-
in the shear zones.

Slip cleavage in graphitic and phyllitic schist is
commonly not readily distinguished in the field. In
such rocks, the transverse schistosity consists of very
closely spaced shear zones, commonly of such fine
texture that they cannot be detected without the use
of a microscope. The transverse schistosity grades
imperceptibly into slip cleavage. For the most part,
the micaceous minerals are not parallel to the
schistosity, but mica flakes are locally alined within
individual shear zones; in some places such parallel
flakes are abundant. Bedding and bedding schistosity
in such rocks are discontinuous; segments can rarely
be traced more than a few centimeters and in places
form only shredded fragments. Where the noses of
folds are discernible, the transverse schistosity is
parallel to the axial planes of the folds.

UNCLASSIFIED SCHISTOSITY

When the relations of schistosity to bedding are
unknown, the schistosity is here termed “unclassi-
fied.” Commonly, the relations are unknown because
bedding was originally poorly developed or has been
largely obliterated during metamorphism a-d defor-
mation, or the conditions of exposure were poor.
Probably most unclassified schistosity is equivalent
to divergent schistosity in which bedding has been
almost entirely obliterated. A small proportion may
be equivalent to the older transverse schistosity.

Most of the structural attitudes recorded for unclas-
sified schistosity are markely divergent from bed-
ding and of the same pattern as the younger tran-
secting schistosity.

CLEAVAGE IN ULTRAMAFIC ROCKS

Cleavage in the ultramafic rocks is confined chiefly
to serpentinite. Locally, tale-carbonate rock, car-
bonate-quartz rock, and steatite have similar cleav-
age, but they are generally poorly exposed. Dunite
and peridotite are chiefly massive and unfoliated.

The cleavage is of three distinctive types: (1)
paper-thin schistosity characteristic of the thin
schistose zones that enclose the massive shear poly-
hedrons; (2) subparallel irregular fractures or
shear zones spaced as much as several centimeters
apart; (8) sets of closely spaced fractures that in-
tersect in a rhombic pattern, bounded by or grading
into faults or shear zones of small displacement. In
addition, relict-bedding schistosity is preserved in a
few places in steatite derived from schist.

The paper-thin schistosity characteristic of the
thin zones surrounding shear polyhedrons is a fine-
textured spaced schistosity. Between shear surfaces,
the serpentine particles are common largely alined
almost parallel to the shear zones, but rarely so well
as to impart a good continuous schistosity. In the
talcose and carbonatian rocks only the gross pattern
of the shear zones remains, and the particles of tale
are generally diversely oriented. The pattern of the
schistosity conforms with that of the surfaces of the
shear polyhedrons; although very irregular in detail,
the overall trend is in most places roughly parallel
to the principal plane of the lenticular bodies.

The widely spaced irregular parallel fractures and
thin shear zones range in spacing from a fraction of
a centimeter to several centimeters. This type of
cleavage is distinctive of moderately sheared serpen-
tinite containing shear polyhedrons and of many of
the massive shear polyhedrons themselves. The atti-
tude of this widely spaced cleavage is highly vari-
able, and the cleavage is locally folded. At the south-
western contact of the Lowell quarry body in the
vicinity of 100,000 N., 97,420 E. (pl. 4C), the
cleavage is axial plane to bulbous tightly compressed
folds.

Closely spaced fractures that intersect in a rhom-
bic pattern are of two principal types: (1) sharply
bounded tabular zones a few centimeters to a meter
or more thick that transect massive serpentinite
and, locally, dunite or peridotite; and (2) branching
distributive shear zones that transect schistose ser-
pentinite characterized by shear polyhedrons and
that grade into faults or tabular shear zones.
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The relations of the rhombic cleavage are distinet
where it forms sharply defined tabular zones. Both
sets of intersecting fractures are steep, and they
intersect in dihedral angles of 30° and 150° to form
crude rhombic prisms generally less than a centi-
meter on the rhombic edge. The prismatic axis is
about down the dip, and the long diagonal of the
rhombic section is parallel to the margins, of the
zone. The strike of the fractures varies widely in
different zones.

Within zones of schistose serpentinite character-
ized by shear polyhedrons, rhombic cleavage is gen-
erally indistinet because of the interference of the
irregular schistose zones that surround the shear
polyhedrons.

The relations between the three types of cleavage
distinctive of the ultramafic rocks seem fairly
simple, though not entirely beyond dispute. The
schistosity surrounding shear polyhedrons inter-
grades with spaced cleavage formed by parallel frac-
tures and thin shear zones. The rhombic cleavage
integrades with faults and shear zones of minor off-
set and intersects both the schistosity that sur-
rounds the shear polyhedrons and the widely spaced
cleavage. Along the southwest margin of the Lowell
quarry body (pl. 4C), the widely spaced cleavage is
axial plane to bulbous folds in the contact of the
ultramafic body, and the minor faults and tabular
zones of rhombic cleavage are axial plane to folds
in the widely spaced cleavage.

LINEATIONS

In addition to the axes of folds, significant linear
features in the area include quartz rodding, crinkles,
striations, and intersections of cleavage and bedding
schistosity. Lineation resulting from mineral elonga-
tion is virtually confined to the asbestos and picro-
lite veins. This rather special kind of lineation is dis-
cussed under both sections on “Serpentine veins.”

Quartz rodding is at least partly, and probably
entirely, equivalent to the isoclinally folded quartz
lenses described in the section on “Folds in the
metamorphosed sedimentary and volecanic rocks”
under “Minor structural features” and is similar in
attitude. The rods have the form of irregular ellipti-
cal cylinders and are generally strongly striated
parallel to the cylindrical axis. They are commonly
about 1 cm by 3 em in cross section and as much as
60 cm long.

Lineation marking the intersection of cleavage
and bedding or bedding schistosity takes several
forms. Most commonly, for example, where the
cleavage is slip cleavage or transecting schistosity,

the intersection is marked by a crinkle, which is gen-
erally a millimeter or less and rarely as much as sev-
eral millimeters in wavelength. Where fracture
cleavage intersects bedding, the lineation is marked
by a distinct fracture line. The strong striations dis-
tinctive of quartz rods and isoclinally folded quartz
lenses are the imprint of transecting schistosity on
the quartz beds, and therefore are really lineations
resulting from intersection of bedding and cleavage.

In a few places where a conspicuous crinkle line-
ation marks the intersection of slip cleavage and
bedding schistosity, another set of crinkles is ori-
ented at a large angle to the first set. Commonly,
crinkles of the second set are smaller than those of
the first. Intersecting relations between crinkles of
the two sets are generally rather indistinet and am-
biguous; where clearcut, the crinkles associated with
the axial-plane slip cleavage are intersected and off-
set by crinkles of the other set.

Quartz rodding and striations on the quartz rods
and folded quartz lenses have the same spatial pat-
tern as the older fold axes. Lineation that marks the
intersection of bedding schistosity and younger
transecting schistosity (fracture cleavage, slip
cleavage, or divergent schistosity) is strictly paral-
lel to the axes of the younger folds. Crinkles that
make a large angle with those associated with the
transecting schistosity are about parallel to the
older fold axes in most places; however, the inter-
secting relations indicate that they are about the
same age as the crinkles parallel to the younger
folds and so are unrelated to the older folds.

JOINTS

Joints occur erratically in the area and are most
conspicuous in the more massive varieties of both
country rock and ultramafic rocks. Perhaps because
of better conditions of exposure in the ultramafic
rocks, joints seem more abundant there than in the
country rock.

Observations on joints in the country rock are
scattered and confined almost entirely to the amphi-
bolite; the joints show no discernible systematic
pattern and no apparent significant relation to other
structural features. In the gneiss at the northeast
contact of the Lowell quarry body, a regular widely
spaced set of joints was exposed by stripping oper-
ations during quarrying ; they are parallel to a faint
slip cleavage which is axial plane to the younger
folds (pl. 4D). These “joints” probably formed dur-
ing quarrying operations by fracturing of the rock
along planes of weakness determined by the slip
cleavage.
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Joints in the ultramafic rocks are virtually con-
fined to the dunite, peridotite, and massive serpen-
tinite. Their apparent absence in the talcose and
carbonatian rocks probably results from conditions
of exposure, for joints in tale-carbonate rock are
locally conspicuous in ultramafic bodies elsewhere in
Vermont (Chidester, 1962, p. 24). The joints range
in individual configuration from nearly planar to
very irregular; in their interrelations, they range
from clearly recognizable systems of two or three
sets, through clearly defined sets with no apparent
systematic relation between sets, to apparently ran-
domly oriented fractures. Even among conspicuous
sets and systems of joints, no overall pattern is evi-
dent. Particular spatial patterns prevail throughout
areas several tens of meters in extent, but the rela-
tions between such fields are varied. :

Throughout the main ultramafic body, many of
the joints contain veins of cross-fiber chrysotile as-
bestos. Commonly, all the joints of a system contain
such cross-fiber veins, but in some places, joints of
one set contain veins, whereas those of a second set,
which is virtually complementary to the first, con-
tain no veins. Where several sets of joints are clearly
not members of a single system, it is common for
one to contain cross-fiber veins and for the others to
be barren.

Joints in the massive serpentinite and dunite of
the Eden quarry body in the vicinity of the bodies
of talcose rocks near 99,000 N., 92,000 E., and 100,-
000 N., 94,000 E. (pl. 1), are commonly the centers
of irregular thin tabular zones of talc-carbonate
rock. In many such places, the tale-carbonate alter-
ation is confined to a single set of joints, and other
sets of joints are barren of talc. Elsewhere in the
main body, talc is almost entirely absent from all
joints, except for a single occurrence a few centi-
meters thick and a few meters in extent along a
joint in the Lowell quarry body near 99,850 N.,
98,320 E. (pl. 3).

FAULTS

Observed faults in the area are virtually confined
to the vicinity of the main ultramafic body, doubt-
less largely as the result of better conditions of ex-
posure in the quarry areas (fig. 3, and pls. 1-4).

Nearly all of these faults are steep to moderate in
dip, and range in displacement from only a few
centimeters (so that distinguishing them from
joints becomes largely academic) to a few deci-
meters. They range in length from only a few deci-
meters to a few hundred meters. In most, the zone
of shearing is not more than 5 or 6 em thick and is

sharply bounded by rather smooth surfaces of un-
sheared rock. Slickensides and gouges on the fault
surfaces are mostly downdip. Most of the faults are
entirely within the ultramafic bodies or intersect the
contacts and extend only several tens or a hundred
meters or so into the country rock; some, however,
are confined to the country rock. Two predominant
attitudes define two fairly apparent sets of faults,
one trending northeast and one trending northwest.
A few faults, most of which are very irregular in
plan, are diverse in orientation and do not seem to
fit either set.

The fault at the northeast margin of the Eden
quarry body, near 100,200 N., 96,600 E., (pls. 1 and
3), has been excellently exposed by stripping oper-
ations throughout a length of about 100 m and ap-
pears to be of greater magnitude than other faults
in the area. A conspicuous gouge zone ranges from
15 to 25 c¢m in thickness, and the minimum displace-
ment appears to be a few tens of meters (pl. 3, cross-
section A-A’). The fault dips moderately southwest.
Despite its greater magnitude, this fault is not
greatly different from those of the northwest-trend-
ing set of smaller faults, and it probably belongs to
that set.

Nearly all the faults that show evidence of relative
movement sense are reverse faults, having only a
small but commonly appreciable strike-slip com-
ponent. In many of the faults the movement sense is
indeterminate.

Within the country rock zone, along all the faults
that intersect the contacts of the Lowell quarry and
Eden quarry bodies, the rock bordering the faults
and the gouge and fragmented rock within the fault
zones are altered for a few millimeters or centi-
meters to cale-silicate minerals and to serpentine-
chlorite rock (see section on “The rodingite and
serpentine-chlorite rock association” under “Contact
rocks” in section on “Ultramafic and associated
rocks.”)

Within the ultramafic bodies, the faults are barren
of cale-silicate minerals. Many are virtually barren
of chrysotile asbestos, but some contain slip fiber
asbestos and picrolite.

TECTONIC AND PETROGENIC SYNTHESIS

The Belvidere Mountain area records a history of
sedimentation, voleanic activity, and emplacement
of ultramafic rocks in an early Paleozoic eugeosyn-
cline, followed by a complex history of folding and
metamorphism which extended into the Devonian.
Most of this history is imprinted in the rocks of the
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area and has been documented in appropriate sec-
tions of this report, but establishment of some of
the chronology and of the broader correlations de-
pends upon regional studies which have been cited
and summarized. The ultimate origins of the ultra-
mafic rocks are largely inferential and encompass
broad problems of petrology, global tectonics, and
earth history, which are highly speculative and
which allow for wide latitude in interpretation.
Consequently, this aspect of the history has long
been involved in intense controversy. (See Chidester,
1962, p. 87-88; Jahns, 1967, p. 155-156; Thayer,
1960, 1967, 1969, p. 511-515; Wyllie, 1967, 1969;
Chidester and Cady, 1972.)

ORIGIN OF THE ULTRAMAFIC ROCKS

Two alternative modes of origin have generally
been advocated for alpine-type ultramafic rocks: (1)
accumulation by crystal fractionation of a complex
(for example, basaltic) magma and (2) derivation
from the upper mantle by one or more of several,
commonly vaguely specified, processes. In either
mode of origin, emplacement as a crystalline mass is
generally recognized. Both models imply a close
genetic relation between the ultramafic rocks and
mafic volcanic rocks interbedded in a eugeosynclinal
pile. In the first model (fractionation of a complex
magma) the ultramafic rocks are regarded as
crystal cumulates and the basalts are regarded as
fluid fraction. In the simplest form of the second
model (partial melting of upper mantle material),
the ultramafic rocks are regarded as refractory resi-
due and the basalts, as fluid filtrate. Many variations
on this theme are possible. In earlier reports (Chi-
dester, 1962, 1968; Cady and others, 1963; Cady
1969, p. 24-25), we have adhered to these conven-
tional theories as alternatives for the origin of the
ultramafic rocks of Vermont. Both theories, how-
ever, have serious drawbacks to their acceptance,
such as implied structural and petrologic features
consequent upon a particular theory of origin, which
do not fit observed field relations (for example, the
absence of associated granitic rocks), and the need
to invoke special conditions to explain the wide
variety of relations shown by alpine-type ultramafic
rocks.

A theory of origin of ultramafic rocks based upon
the concept of sea-floor spreading proposed by Hess
(1962; Dietz, 1961) has been applied with consider-
able success to full ophiolite complexes in such
widely separated areas as Papua-New Guinea
(Davies, 1968), Oman (Reinhardt, 1969), Greece

(Moores, 1969), Cyprus (Moores and Vine, 1971),
and California (Bailey and others, 1970). However,
the application of the concept to the alpine-type
ultramafic rocks of Vermont, which are exclusively
intrusive into fairly continuous sequences of eugeo-
synclinal sedimentary and volcanic rocks, requires
modification of the model developed for the full
ophiolite assemblages, which includes sheeted dia-
base, pillow lava, and chert. We (Chidester and
Cady, 1972) have recently presented such a model
specifically to reconcile the mode of origin of the
alpine-type ultramafic rocks of the Appalachians
with the concepts of sea-floor spreading. The salient
features of the model are summarized as follows:

In late Precambrian time, mantle upwelling began
along a sinuous belt that now marks the site of the
Appalachian orogen. This sinuous belt was 300 to
800 km northwest of the line along which Africa
and North America were later to separate by con-
tinental drift, beginning in the Mesozoic. At this
early stage, however, the two were parts of one
continent, and the floor of the incipient Appalachian
eugeosyncline was thick sialic crust. Outward move-
ment of upper mantle rocks on either side of a de-
veloping rift beneath the continental crust led to
distention and necking of the continental crust and
downwarping of the surface, thereby initiating the
Appalachian eugeosyncline. Basaltic lava, formed by
partial melting of material deeper in the upper
mantle, erupted along the rift. As the subcontinen-
tal rift continued to form, and as the accumulation
of sediments in the eugeosyncline increased, basaltic
lava erupted within the eugeosyncline as dikes and
sills, surface flows, pyroclastic layers, and volcanic
piles, which were continually reduced by erosion and
incorporated as detrital volecanic beds into the sedi-
mentary sequence. As a result of cooling and hydra-
tion during upwelling, the peridotite of the upper
mantle beneath the rift became partly serpentinized.
As the upper mantle moved outward away from the
rift beneath the continental crust, interactions at
the surface between crust and mantle produced
geanticlinal tracts and projections and irregular
bulges of rocks of mantle composition into the
crust. As activity continued along the rift zone and
as the eugeosyncline formed, many masses of such
material, varying widely in size, intruded the con-
tinental crust and eugeosynclinal pile. Coarse layer-
ing that reflects complex variations of primary min-
erals in dunite and peridotite has the earmarks of
magmatic crystallization and accumulation. Such
layering is inferred to be a relict from the upper
mantle.
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EMPLACEMENT AND STRUCTURAL HISTORY

The ultramafic rocks of the Belvidere Mountain
area are representative of ultramafites in the north-
ern Appalachian belt, which were emplaced at vari-
ous times in the early and middle Paleozoic, during
a long interval in which sets of early folds, plastic
and similar in style and associated with an axial-
plane schistosity, were successively formed (Cady,
1969, p. 44, 47, 108, 113). Some of the early folds
are clearly Ordovician in age (Cady, 1969, p. 40-41;
Stevens and others, 1969) ; some are dated as Devon-
ian (Jahns, 1967, p. 138-141). The ultramafites were
emplaced prior to a set of late folds, open and gen-
erally parallel in style and having an axial-plane
cleavage, that form the Green Mountain anticlinor-
ium. The late folds are Middle and Late Devonian
(Jahns, 1967, p. 141-144; Cady, 1969, p. 75-80).
(see section on “Folds in ultramafic rocks”: see also
Chidester, 1968, p. 348-350.) In neighboring Que-
bee, ultramafic bodies are truncated by a Middle
Ordovician unconformity (Cady, 1969, p. 23-24);
emplacement of the ultramafites in the Belvidere

Mountain area probably also took place in Early
Ordovician.

Plastic deformation of the rocks in the eugeosyn-
clinal pile began early in the geosynclinal history
and continued episodically throughout it. In this
process, bodies of ultramafic rock were nipped off
the upper mantle. Stresses were mainly subhorizon-
tal and were triggered collectively, and in varying
degree, by local uplift in the eugeosyncline (perhaps
principally over the subcontinental rift), and by
compaction-diagenesis-metamorphism in the wet
eugeosynclinal sediments (Cady, 1969, p. 42, 143—
145.) These stresses produced tightly compressed
plastic-style folds, and kneaded and squeezed previ-
ously emplaced bodies of ultramafic rock along bed-
ding planes and developing structural surfaces in
the sedimentary and interbedded volcanic rocks. As
the ultramafic rocks were transported to successively
higher positions, they passed through newly de-
posited and newly folded rocks.

Serpentinization, already begun as pervasive but
partial alteration of the dunite and peridotite when
the upper mantle rocks were carried upward into a
lower temperature regime, continued and was as-
sisted by contact with wet sediments through which
the bodies of ultramafic rock were kneaded upward.
Transport was intermittent; episodes of movement
were separated by periods of immobility. Sharing of
the mass during transport subsequently facilitated
the entry of water and consequent further serpen-

tinization during periods of immobility. Such incre-
mental serpentinization further increased the mo-
bility of the mass in subsequent episodes of move-
ment, during which dehydration of the serpentine
under shear stress at high pressure and temperature
(Raleigh and Paterson 1965, p. 3965; Reicker and
Rooney 1966, p. 196), was perhaps also effective. A
postulated sequence of events implies repeated epi-
sodes of serpentinization, shearing, and dehydration
in alternating stages of movement and immobility
during tectonic transport, and increasingly exten-
sive serpentinization accompanied by increased
penetration of shearing. No unequivocal petro-
graphic evidence was observed to confirm such a his-
tory, but as Jahns (1967, p. 156) has stated, dis-
seminated flakes of talc in massive serpentinite may
be relicts of such dehydration. Serpentinization dur-
ing the stage of tectonic transport produced chiefly
highly sheared serpentinite at the margins of the
body and in sheared zones that transect the central
parts. As the process continued, pervasive serpentin-
ization extended into the more massive zones, becom-
ing complete in the outer parts of such zones and
decreasing generally but irregularly inward. In the
central parts of the larger bodies (such as the main
body at Belividere Mountain), partial or only slight
serpentinization resulted, and large parts of the
olivine escaped alteration.

In contrast to coarse layering (see section on
“Origin of the ultramafic rocks” under ‘“Tectonic
and petrogenic synthesis”), fine layering in dunite,
peridotite, and massive serpentinite reflects simple
textural and mineralogical alternations and prob-
ably was formed by flowage of the crystalline mass,
particularly in the early stages of transport when
entire masses were subjected to simple deforma-
tional stresses.

Complex shearing patterns, which formed in the
serpentinite as it was kneaded through the country
rock, led to the formation of shear polyhedrons in
the marginal zones of the ultramafic bodies. Un-
sheared units of serpentinite, ranging in size from
small chips to masses several or many feet in diam-
eter, were milled and rotated as they moved past one
another, producing a matrix of finely comminuted
and sheared serpentinite that forms shells around
and fills interstices between polyhedrons. The mosaic
pattern produced by diverse orientations of relict
layering in adjacent larger polyhedral units results
from rotation of the blocks relative to one another.
In the central parts of the larger bodies of ultra-
mafic rock, large masses of only slightly serpentin-
ized dunite and peridotite were carried along rela-
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tively intact, mechanically buffered by yielding in
the highly sheared marginal zones.

After the emplacement of the ultramafic bodies at
their present sites, the late set of folds, open in style
and divergent from the early set in attitude, was im-
posed on the country rock and the ultramafic bodies
(Jahns, 1967, p. 141-144). Slight movement of the
ultramafic rocks relative to the enclosing country
rock may have occurred locally during the late epi-
sode of folding. Such movement is suggested by the
local absence of rodingite at the margins of the main
Belvidere Mountain body. (See section on “Metamor-
phic history” under “Tectonic and petrogenic syn-
thesis.”)

Figure 8 illustrates the evolution of the structural
pattern of the area and the emplacement of the
ultramafic rocks. The three diagrams depict succes-
sive stages in the geologic history, as if at each stage
the rocks were exposed at the present surface.

In favorable structural situations, such as at
Belvidere Mountain, the late folding strongly warped
tabular bodies of ultramafic rocks, bending layers
and schistosity in conformity with late folds in the
country rocks and producing a slip cleavage in
folded schistose serpentinite identical in style with
that in the adjacent country rock. Where intrusive
contacts partly cut across early folds and partly
conform to and were controlled by bedding surfaces
warped by the early folds, the structural pattern of
the contacts reflects part of the pattern of the early
folds and the entire pattern of the late folds. Joint
systems in the ultramafic rocks, which are best devel-
oped in the relatively fresh massive dunite, are in-
ferred to be related to the late folds. The pattern of
joints, though locally consistent, varies irregularly
from place to place in a body because of irregular-
ities in the internal stress field induced by inhomo-
geneities and irregularities in the ultramafic bodies.

In unfavorable structural situations, such as in
podlike bodies emplaced in simple homoclinal sec-
tions, the effects of the late stage of folding are
inconspicuous in the ultramafic bodies.

Near the climax of the late period of folding,
joints in the massive ultramafic rock and fracture
surfaces in sheared serpentinite opened along zones
under tensional stress.

METAMORPHIC HISTORY

Interpretation of the early metamorphic history of
the ultramafic rocks depends to a considerable ex-
tent upon inferences regarding their history before
emplacement, which remains highly speculative. In
particular, conclusions concerning two stages of the

early history—origin of the primary ultramafic
rocks and emplacement of the ultramafic bodies—
are critical to interpretation of the metamorphic
history. The following outline of events and their
relations to one another is based upon the above dis-
cussions of concepts of origin along a subcontinental
rift and solid emplacement by tectonic transport.

Serpentinization is inferred to have begun early
in the stage of mantle upwelling along the rift be-
neath the eugeosyncline, in accordance with the con-
cepts developed by Hess (1962) for sea-floor spread-
ing at an oceanic rift. Extensive further serpentin-
ization occurred during tectonic transport of the
ultramafic masses, as an integral part of the mech-
anism of emplacement. Probably most of the ser-
pentinization in each body was accomplished by the
time the bodies were finally emplaced.

After the emplacement of the ultramafic rock,
initial metamorphic changes were confined to sys-
tems not greatly larger than the ultramafic bodies
(except for the sources of water). These changes in-
cluded further pervasive serpentinization on a small
scale, formation of serpentine and related veins in
and adjacent to the ultramafic bodies, and the forma-
tion of narrow contact metamorphic and meta-
somatic aureoles adjacent to the larger ultramafic
bodies. After formation of these features, meta-
somatic changes related to regional metamorphism
occurred. In part, these changes involved extensive
migration of CO, and resulted in the local alteration
of dunite and serpentinite to tale, magnesite, quartz,
and tremolite, in distinctive patterns of assemblages.
Concomitantly, related alterations in the adjacent
country rock produced distinctive contact-rock asso-
ciations.

The thermal history of a mass of upper mantle
rock intruded into a eugeosynclinal pile would de-
pend upon a complex interrelation among many vari-
ables; primarily, however, the body’s temperature
and its difference from ambient temperature would
depend on its size and on the rate and distance of
transport after detachment from the mantle. Initial-
ly the body of rock would be at a higher temper-
ature than that of the surrounding rocks. As it was
kneaded through the pile, it would lose heat to its
surrounding and gradually approach the ambient
temperature. In terms of simple conductive loss,
larger less far traveled bodies would be hotter than
smaller farther traveled bodies at any particular
time after detachment from the mantle.

Though all the ultramafic rocks in the Belvidere
Mountain area were emplaced at considerable depth
and about simultaneously, thermal considerations
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A. AT AN INTERMEDIATE STAE OF THE FIRST PERIOD OF
FOLDING, PRIOR TO EMPLACEMENT OF THE ULTRAMAFIC
ROCKS

/A
B. AT THE END OF THE FIRST PERIOD OF FOLDING, FOLLOW-
ING EMPLACEMENT OF THE ULTRAMAFIC ROCKS
FIGURE 8.—Isometric block diagrams illustrating critical stages in the structural history and emplacement of ultramafic
rocks in the Bedvidere Mountain area. Rock units are shown at each stage as if they were exposed at the present
land surface. A. At an intermediate stage of the first period of folding, prior to emplacement of the ultramafic rocks.
B. At the end of the first period of folding, following emplacement of the ultramafic rocks. C. At the end of the second
period of folding, and following metamorphism. Note the bodies of tale-carbonate and carbonate-quartz rock, absent in

diagram B.
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C. AT THE END OF THE SECOND PERIOD OF FOLDING,AND
FOLLOWING METAMORPHISM. NOTE THE BODIES OF
TALC-CARBONATE '‘AND CARBONATE-QUARTZ ROCK,
ABSENT IN DIAGRAM B

EXPLANATION-

TALC-CARBONATE ROCK AND CARBONATE-QUARTZ ROCK (ORDOVICIAN)!

DUNITE AND SERPENTINITE (ORDOVICIAN)!

| OTTAUQUECHEE FORMATION (UPPER AND MIDDLE CAMBRIAN)

_€b | BELVIDERE MOUNTAIN FORMATION (LOWER CAMBRIAN)

€h HAZENS NOTCH FORMATION (CAMBRIAN(?))

*The Ordovician age designation refers to the age of emplacement of the intrusive ultramafic rocks, not to the age of
the parent igneous rocks or the metamorphic derivatives (see text subheading discussions under ‘Tectonic and
petrogenic synthesis’).

FIGURE 8.-—Continued.



82 ASBESTOS-BEARING ULTRAMAFIC ROCKS OF BELVIDERE MOUNTAIN AREA, VERMONT

and the mechanism of emplacement advocated here
suggest that the larger bodies differed significantly
in temperature and mineralogy from the smaller
bodies at the time of emplacement. The larger
bodies, such as the main ultramafic body at Belvidere
Mountain, contained large masses of unaltered
dunite in the central part of the body, and their
temperatures were appreciably, though not greatly,
above the temperature of the surrounding rocks.
The smaller bodies were completely serpentinized
when emplaced and were virtually at the temper-
ature of the enclosing rocks.

Under these circumstances, the temperature of
the country rock at the margins of the large ultra-
mafic bodies would be increased, whereas that at the
margins of the small bodies would not. Serpentiniza-
tion of dunite would continue so long as water was
available, producing such effects as partial desiceca-
tion and the addition of Ca and Mg (see section on
“Rodingite” under “Contact rocks” in the section on
“Petrogenesis” under “Ultramafic and associated
rocks” and see tables 7 and 9). These conditions
combined to produce narrow contact-metamorphic
and metasomatic aureoles of rodingite around the
larger ultramafic bodies that contained considerable
dunite, but no discernible effects at the margins of
the smaller completely serpentinized bodies.

Limited serpentinization of dunite in the larger
bodies extended into the period of late folding. As
temperatures fell in the contact zones, serpentiniza-
tion of dunite and consequent efflux of Mg led to
replacement of rodingite by serpentine-chlorite rock
in a narrow zone next to the contact of the ultramafic
body. Near the climax of the late folding, the dunite
and serpentinite opened up along joints, fractures,
and shear surfaces under tensional stress. As such
openings formed, they were filled with chrysotile to
form cross- and slip-fiber asbestos veins and picro-
lite veins. The character of the serpentine veins de-
pended primarily upon local mechanical relations
and less on physico-chemical variations. Because the
stress field in the ultramafic bodies varied erratically
owing to irregularities and inhomogeneities in the
bodies, the direction and rate of opening along frac-
tures and shear surfaces varied markedly from place
to place and resulted in a complex distribution pat-
tern of the various kinds of serpentine veins. Simul-
taneously with the formation of the serpentine veins,
constituents released during their formation formed
segregations of magnetite in the serpentine veins or
in nearby fractures in the ultramafic bodies and con-
tributed to the formation of chlorite-calcite-magne-
tite veins in the bordering country rock.

During regional metamorphism, which culminated
during and extended somewhat beyond the climax
of the late stage of folding, dunite and serpentinite
were locally altered to tale-carbonate rock and car-
bonate-quartz rock. The distribution of these rocks
at the margins of the ultramafic bodies, or in linear
zones that appear to be controlled by faults or shear
zones, indicates that the processes were controlled by
access of CO, into the ultramafic rocks. The general
absence of such rocks adjacent to contacts where
rodingite is present suggests that the rodingite acted
as an effective barrier to the access of CO., or that
the structural conditions that led to preservation of
the rodingite also prevented access of CO.. The dis-
tribution of carbonate-quartz rock with respect to
tale-carbonate rock suggests that highly quartzose
zones are centered along channelways that provided
ready access of CO., and indicates that formation
both of tale-carbonate rock and carbonate-quartz
rock was a single process whose end product was
carbonate-quartz rock. Where dunite and peridotite
were extensively altered to carbonate-quartz rock
and talc-carbonate rock, expulsion of large amounts
of Mg and Si led to extensive and irregular steati-
tization, chloritization, and related metasomatic re-
placement of the adjacent country rock.

In the smaller ultramafic bodies that have no rod-
ingite border, and in the larger bodies where roding-
ite is locally absent, serpentinite and adjacent
siliceous schist reacted to form steatite (chiefly by
replacement of serpentinite) and blackwall chlorite
rock (entirely by replacement of schist). Where the
country rock bordering the serpentinite is amphibo-
lite, tremolite was formed additionally, or in place of
tale. Where rodingite borders serpentinite, it acted
as an effective barrier to metamorphic interaction
between serpentinite and schist—perhaps in part
because, as an effective barrier to ingress of CO,, it
prevented the triggering action of CO. metasomat-
ism (Chidester, 1962, p. 120; Cady and others, 1963,
p. 47; Cady, 1969, p. 155).

CALCULATIONS

Throughout this report, chemical changes in meta-
morphic and metasomatic processes inferred to have
taken place at constant volume are deduced by com-
parison of the chemical content of equal volumes
(“modified standard cells”) of rocks (Chidester,
1962, p. 95). Chemical analyses in table 1 are pre-
sented both in terms of weight percentages and in
terms of cation percentages, and cell factors (F.)
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are included so that the content of the modified
standard cell for each analysis can be computed
readily by multiplying the cation percentage for each
component by the cell factor.

The method of deriving the modified standard
cell, the methods of computation, and related prob-
lems and methods of calculating mineral formulas
from chemical analyses have been described in an
earlier report (Chidester, 1962, p. 94-97, 129-205).

In the present report, all serpentine formulas are
calculated simply on the basis of (Si+14R+?) =4,
because the methods of sampling and analysis do not
warrant further refinements in calculation. (See text
discussion in section “Mineralogy of the serpentine
group” under “Ultramafic and associated rocks”;
Bates, 1959.)

In analyses of rocks consisting essentially of ser-
pentine and minor brucite, the content of brucite is
calculated from the relations:

1. NS+NB=C,
and
2. 35N,=Si+14R+3

where N,=equivalent molecular percentage of ser-
pentine; Njp=equivalent molecular percentage of
brucite; C=sum of equivalent molecular percentages
of serpentine and brucite; Si=cation percentage of
gilica; and R+?=sum of cation percentages of triva-
lent elements (essentially Al+ Fe+?).

Mineral formulas of amphibole and epidote were
calculated from analyses of mineral separates, which
contained small but significant amounts of impuri-
ties, by solving simultaneous equations relating the
two analyses, yielding calculated analyses of the pure
minerals. The methods of calculation are described
below.

ANALYSES OF PURE AMPHIBOLE AND PURE
EPIDOTE

1. Determine the mode of each analyzed sample

(from thin section, slide mounts of sized grains of
the material analyzed, or otherwise) and recalculate
to the basis of amphibole + epidote =100.

Amphibole sample Epidote sample

(containing minor impurities) (containing minor impurities)
Amphibole M P
Epidote N Q

where M +N =100, and P+ Q=100.

2. Recalculate each analysis of the impure material
into equivalent molecular (=cation )percent. On the
basis of the approximation that cation percentage=
volume percentage, correct the analysis for impuri-

ties of fixed composition (sphene, rutile, albite, and
the like) by subtracting appropriate amounts of Ca,
Ti, Si, Al, and so forth. The balance, recalculated to
the basis of the sum of the cations =100, represents,
for each analysis, analyses of mixtures solely of
amphibole and epidote.

3. From the modes recalculated to the basis of
amphibole +epidote=100 (1, above), and the calcu-
lated analyses of mixtures consisting solely of am-
phibole and epidote (2, above), the following simul-
taneous equations, valid for each constituent in the
analysis, can be derived:

(1) mCy+nCe=Cye

(2) pca+qce=cea
N P Q

100" 100° 100" 100
C, represents the cation percentage of each constitu-
ent in the analysis of pure amphibole; C. represents
the cation percentage of each constituent in the
analysis of pure epidote; C,. represents the cation
percentage of each constituent in the mixture of am-
phibole and epidote; and C., represents the cation
percentage of each constituent in the mixture of epi-
dote and amphibole.

4. Solve (1) and (2) simultaneously:
Multiple (1) by ¢:

(3) gmC,+qnC.=qC,..

Multiply (2) by n:
(4) pnC,+qnC.=nC,,.

Subtract (4) from (3) and solve for C,:
gmC,—pnC,=qCh—nC,,.

q n

am _pn\/ae— qm—pn Cea-

where m, n, p, g are equal to

(6) C.=
Substitute (5) in (2) and solve for C.:

m
(6) Co= Coam——Cre.
qm —pn qm —pn

5. For each component, substitute appropriate
values of m, n, » and ¢, and of C., and C,. in equa-
tion (5) to calculate the analysis of pure amphibole,
and in equation (6) to calculate the analysis of pure
epidote. The resulting calculated analyses are in
terms of cation percentages.

6. For example, in table 1, analyses 23 and 24, of
concentrates of amphibole and epidote, respectively:

m=0.9900 p=0.0152
n=0.0100 q=0.9848

Substituting these values in formulas (5) and (6),
get:
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TABLE 10.—Calculation of amphibole formula
|Sample No. A-BM-53-139a, Lab. No. 143380a. Analyses from table 1. 0, looked for and mnot found]

Molecular (cation) present

N c Formula
Impurities C'ae Care— Cen (puare Nos.
f}nr;atles;ziztli (except epidote) (amglltilsbde 100 (‘y ae (from imphiobole) ( (;-12-4(;H
Sphene  Rutile Albite epidote) TCae  ftablell) =1.0108 Cue
41.96 0.04 - 0.03 41.89 41.97 36.97 42.02 6.66
13.40 __ - .01 13.39 13.42 29.57 13.25 2.10
2.52 - . - 2.52 2.53 6.89 2.49 .39
9.08 - — - 9.08 v 9.10 74 9.19 1.46
16.24 - - - 16.24 16.27 .7 16.43 2.60
9.64 04 - - 9.60 9.62 24.05 9.47 1.50
5.26 — - .01 5.25 5.26 .60 5.31 .84
.88 - - - .88 .88 .10 .89 .14
7.86 — - - 7.86 7.88 3.65 7.92 1.26
.58 .04 03 - .51 .51 .00 .b1 .08
.14 _ - - .14 .14 14 14 .02
.06 - - - .06 .06 .03 .06 .01
.03 - - - .03 .03 .08 .03 .005
.03 - - - .03 .03 .002 .03 .005
.01 — - — .01 .01 0 .01 ©.002
.18 - - - .18 .18 .03 .18 .03
.02 — i - .02 .02 005 .02 .003
0 - __ . 0 0 0 0 0
0 - - - 0 0 0 0 0
.001 . - — .001 .001 .002 .001 .0002
.02 - — . .02 .02 .02 .02 .003
010 - - - 010 .010 012 .010 .0016
0 — - - 0 0 0 0 0
.0001 - - _— .0001 .0001 .0001 .0001 .00002
.0005 - - - .0005 .0005 .002 .0005 .00008
0 ‘ - - - 0 0 0 0 0
0 _ - - 0 0 0 0 0
.0004 __ __ - .0004 .0004 0 .0004 .00006
Total ______________. 107.92 12 03 .05 107.72 107.94 103.68 107.98 17.11
Less (HO./x+F) ___. 7.92 - - - 7.92 7.94 3.68 7.98 1.27
Cations ____________. 100.00 12 03 .05 99.80 100.00 100.00 100.00 15.84
1 Estimated mode of analyzed material:
Amphibole ______ 98.80
Epidote -______._ 1.00
Albite __________ .05
Sphene .________ a2
Rutile __._______ .03
100.00
C,=1.0103C,.—0.0103C.., where:

C.=1.0156C,,—0.0156C,.

Substituting appropriate values of C,. and C,,, con-
stituent by constituent, in these equations, yields cal-
culated analyses of pure amphibole and pure epidote.
Thus, for Si0. in the pure amphibole:

Si0,=1.0103x41.97 —0.0103 X 36.97
=42.402—-0.381
=42.02.
And so on (see tables 10 and 11).

AMPHIBOLE FORMULA

1. Let the amphibole be represented by the follow-
ing formula:

3
(Na,K) 'Tcas[R+21R+:;y+:+u (VI) w 5 w :'YI

[Sis —W—g— waAll‘-}—y]“vOztz[Oz - vFvHZ -t —z:| ]

IV and VI at the upper right of brackets desig-
nate coordination numbers, (VI) in the for-
mula represents vacancies in six-coordination
position.

s=total Ca,
t =total divalent ions, except Ca,

u=R+* in direct substitution for R+? in six-
coordination position, the excess charge being
balanced by u/2 vacancies in the six-coordina-
tion positions. Thus, « is equal to the total
amount of R+* minus the R+? in coupled sub-
stitution in six- and four-coordination posi-
tions, minus the Al'V balanced by Na and K,
and minus the (R+*)'! balanced by deficiency
of H.

That is,
u=R+3-2A1I"V— (z+Na+K),
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TABLE 11.—Calculation of epidote formula

[Sample No. A-BM-53-139a, Lab No. 14330b. Analyses from table 1. 0, looked for and not found]

85

Molecular (cation) present

Impurities 1 C'ea — Ce Formula
Analyzed (except amphibole) (epidote 100 Cs (f";;,; ep(irc’lgz:) (SI}ID:S's)
material T hene  mtile  Albite amphibol ZC  table 10) =1.0156 Cea
phibole) —0.0156 Cae
SiOe oo 36.90 036  __ 0.03 36.51 36.97 41.97 36.89 6.00
AlOsyp oo __ 29.22 _— . 01 29.21 29.57 13.42 29.82 4.85
FeOopo oo _____ 6.81 - . . 6.81 6.89 2.563 6.96 1.13
FeO . _____ 13 - . _ .73 .74 9.10 .61 .10
MgO . .70 _— - _— .70 71 16.27 .46 .07
CaO ___________________ 24.11 36 - _— 23.75 24.05 9.62 24.27 3.95
NaOip .60 - - .01 .59 .60 5.26 =53 0
KOujo oo .10 - _— — .10 .10 .88 .09 0
HO /2 oo 3.61 o 3.61 3.65 7.88 3.58 58
TiO. . .46 36 0.10 - .00 .00 .51 .00 .00
PO 5/2 — e 14 —— - - 14 .14 14 14 .02
________________________ .03 _— - _— 03 .03 .06 .03 .005
CrO,ys -7 08 - T 08 08 03 08 01
10 o .002 - - — .002 .002 .03 .002 .0003
CoO ___ . 0 - - . 0 0 .01 0 0
MnO _____ L __ .03 _— . _— .03 .03 .18 .03 .005
CuO ____ .005 - . - .005 .005 .02 .005 .0008
PbO ___________ - 0 - - __ 0 0 0 0 0
ZnO ___ o ____ 0 . __ - 0 0 0 0 0
GaOsyo o _________ .002 - - . .002 .002 .001 .002 .0003
VOo o __ .02 __ __ . .02 .02 .02 .02 .003
SeOsje oo __ .012 . - - 012 .012 .010 .012 .002
YOsjo oo ___ 004 . - - .004 .004 0 .004 .0006
YbOsye o _ .0001 - - __ .0001 .0001 .0001 .0001 .00002
ZrQ. o _____ .002 . - - .002 .002 .0005 .002 .0003
BeO _______ o ___ 0 — - — 0 0 0 0 0
SrO0 o __ .07 _— _— _ .07 .07 0 .07 .01
BaO ____ . ___ 0 - - - 0 0 0 0 0
Total _______________ 103.64 1.08 10 05 102.41 103.68 107.94 103.61 16.74
Less (HO./.+F) ____ 3.64 - . _ 3.64 3.68 7.94 3.61 58
Cations _____________ 100.00 1.08 10 .05 98.77 100.00 100.00 100.00 16.16
1 Estimated mode of analyzed material:
Epidote ____._____ 97.27
Amphibole ______ 1.50
Sphene _________ 1.08
Rutile __________ 10
Albite _ . ____ .05
100.00
? Dropped as contaminants.
v=total F, substituting for OH, AlV1=8-Si—P.

w=total P,

xz=total (Na,K), and Al balanced by (Na,K),

y=AI" in coupled substitution for (R+3) V1,

z=deficiency of H=2—F —H.,

(All values are calculated on the basis of
O+0H+F=24.)

2. From the analysis of pure amphibole, calculate
the number of cations associated with each oxide on
the basis of (O+OH+F) =24,

3. Jons are assigned to different positions in the
structural formula as follows:

Na, K, Ca, R+2, Si, P, H, and F occur in only one
position each in the structural formula, so the
assignment of values is unambiguous. Each is
assigned the total amount of that ion.

O outside of the OH position is equal to 22.

O in the OH position is equal to 2—F.

R+%,, . =R+3—AllV,

Assignment of other values is evident from the
structural formula and from the explanation of the
symbols used in it (see 1, above).

EPIDOTE FORMULA

1. The structural formula of epidote, in terms of
the contents of the unit cell determined by Ito,
Morimoto, and Sadanaga (1954), is

[Ca, ]V [AL (ALFet?),]VI[S8i]V0. (OH) »,

where the Roman numeral superscripts indicate the
coordination position of the cations. The term (Al
Fe+3), in six-coordination position indicates that
Fe+* can substitute for Al only at particular sites in
the lattice, and only to a maximum ratio of Fe+3/Al
of 1:2. Small amounts of R+? may probably substi-
tute for Al, and small amounts of R+2, for Ca.
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2. The formula composition of epidote can be cal-
culated from a chemical analysis in several ways—
for example, by setting O+ OH equal to 26, or by set-
ting Si equal to 6. As the determination of H,O0+ ap-
pears commonly to be of doubtful accuracy, and as
Si is present very nearly or precisely in stoichio-
metric proportions, it appears generally to be bet-
ter and more convenient to calculate the formula on
the basis of Si=6.

3. In table 11, the calculated analysis of pure epi-
dote, column headed “C. (pure epidote),” is derived
by methods described above and is recalculated to the
basis of Si=6 by multiplying each term by 6/36.89.
The subscript value for O in the formula (oxygen
not combined with H) is determined by summing the
oxygen associated with the cations in their oxide for-
mulas and subtracting the equivalent of % H (to
provide the additional O for OH determined as H.O).
The values for the different ions are then assigned
to their proper place in the structural formula.

REFERENCES CITED

Albee, A. L., 1957, Bedrock geology of the Hyde Park quad-
rangle, Vermont: U.S. Geol. Survey Geol. Quad. Map
GQ-102,

1962, Relationships between the mineral association,
chemical association and physical properties of the
chlorite series: Am. Mineralogist, v. 47, nos. 7-8, p.
851-870.

Aruja, Endel, 1945, An X-ray study of the crystal structure
of antigorite: Mineralog. Mag., v. 27, no. 188, p. 65-74.

Bailey, E. H., Blake, M. C., Jr., and Jones, D. L., 1970,
On-land Mesozoic oceanic crust in California Coast
Ranges: U.S. Geol. Survey Prof. Paper 700-C, p.
C70-C81.

Bain, G. W., 1932, Chrysolite asbestos; II, Chrysotile solu-
tions: Econ. Geology, v. 27, no. 3, p. 281-296.

———1936, Serpentinization of Vermont ultrabasics: Geol.
Soc, America Bull,, v. 47, no. 12, p. 1961-1979.

1942, Vermont talc and asbestos deposits, in New-

house, W. H., ed., Ore deposits as related to structural

features: Princeton, N.J., Princeton Univ. Press, p.

255-258.

Bates, T. F., 1959, Morphology and ecrystal chemistry of !

1:1 layer lattice silicates: Am. Mineralogist, v. 44, nos.
1-2, p. 78-114.

Bowen, N. L., and Tuttle, O. F., 1949, The system MgO-
SiO—~H.0: Geol. Soe. America Bull., v. 60, no. 3, p.
439-460.

Bowles, Oliver, 1955, The asbestos industry [revised]: U.S.
Bur. Mines Bull. 552, 122 p.

Cady, W. M., 1956, Bedrock geology of the Montpelier quad-
rangle, Vermont: U.S. Geol. Survey Geol. Quad. Map
GQ-79.

1960, Stratigraphic and geotectonic relationships in

northern Vermont and southern Quebec: Geol. Soc.

America Bull,, v. 71, no. 5, p. 531-576.

————1967, Geosynclinal setting of the Appalachian Moun-
tains in southeastern Quebec and northwestern New
England, in Clark, T. H., ed., Appalachian tectonics:
Royal Soc. Canada Spec. Pub. 10, p. 57-68.

1968, The lateral transition from the miogeosyneclinal

to the eugeosynclinal zone in northwestern New England

and adajcent Quebec, in Zen, E-an and others, eds,

Studies of Appalachian geology—northern and mari-

time: New York, Interscience Publishers, p. 151-161.

1969, Regional tectonic synthesis of northwestern New
England and adjacent Quebec: Geol. Soc. America Mem.
120, 181 p.

Cady, W. M., Albee, A. L., and Chidester, A. H., 1963, Bed-
rock geology and asbestos deposits of the upper Mis-
sisquoi Valley and vicinity, Vermont: U.S. Geol. Survey
Bull. 1122-B, 78 p.

Cady, W. M., Albee, A. L., and Murphy, J. F., 1962, Geologic
map of the Lincoln Mountain quadrangle, Vermont—
Bedrock geology: U.S. Geol. Survey Geol. Quad. Map
GQ-164.

Cameron, E. N., 1961, Ore microscopy: New York, John
Wiley and Sons, 293 p.

Chidester, A. H., 1953, Geology of the talc deposits, Sterling
Pond area, Stowe, Vermont: U.S. Geol. Survey Mineral
Inv. Field Studies Map MF-11.

1962, Pectrology and geochemistry of selected tale-

bearing ultramafic rocks and adjacent country rocks in

north-central Vermont: U.S. Geol. Survey Prof. Paper

345, 207 p.

1968, Evolution of the ultramafic complexes of north-
western New England, in Zen, E-an and others, eds.,
Studies of Appalachian geology—northern and mari-
time: New York, Interscience Publishers, p. 343-354.

Chidester, A. H., Billings, M. P., and Cady, W. M., 1951,
Talc investigations in Vermont, preliminary report:
U.S. Geol. Survey Cire. 95, 33 p.

Chidester, A. H., and Cady, W. M., 1972, Origin and em-
placement of alpine-type ultramafic rocks: Nature:
Phys. Seci., v. 240, no. 98, p. 27-31.

Chidester, A. H., Stewart, G. W., and Morris, D. C., 1952a,
Geologic map of the Barnes Hill tale prospect, Water-
bury, Vermont: U.S. Geol. Survey Mineral Inv. Field
Studies Map MF-7.

1952b, Geologic map of the Rousseau talec prospect,
Cambridge, Vermont: U.S. Geol. Survey Mineral Inv.
Field Studies Map MF-8.

Clemmer, J. B., and Cooke, S. R. B., 1936, Flotation of
Vermont tale-magnesite ores: U.S. Bur. Mines Rept.
Inv. 3314, 12 p.

Cooke, H. C., 1937, Thetford, Disraeli, and eastern half of
Warwick map-areas, Quebec with chapters on the Beau-
ceville, St. Francis, and Lake Aylmer series, by J. H.
Clark: Canada Geol. Survey Mem. 211, Pub. 2440, 160 p.

Davies, H. L., 1968, Papuan ultramafic belt: Internat. Geol.
Cong., 23d, Prague, 1968, Rept. Proc., sec 1, p. 209-220.

Deer, W. A., Howie, R. A., and Zussman, Jack, 1962-1963,
Rock-forming minerals, v. 1-5: New York, John Wiley
and Sons, 5v. (v. 1, 3, 5, 1962; v. 2, 4, 1963).

Dietz, R. S., 1961 Continent and ocean basin evolution by
spreading of the sea floor: Nature, v. 190, no. 4779, p.
854-851.

Doll, C. G., Cady, W. M., Thompson, J. B., Jr., and Billings,
M. P. 1961, Centennial geologic map of Vermont:
[Montpelier] Vermont Geol. Survey, scale 1:250,000.




REFERENCES CITED 87

Efremov, N. E., 1939, Classification of the minerals of the
serpentine group: Akad. Nauk SSSR Doklady, new ser.,
v. 22, no. 7, p. 432-435.

Eskola, Pentti, 1932, On the principles of metamorphic dif-
ferentiation: Finland Comm. Géol. Bull. 97, p. 68—77.

Faust, G. T., and Fahey, J. J., 1962, The serpentine-group
minerals: U.S. Geol. Survey Prof. Paper 384-A, 92 p.

Faust, G. T., and Nagy, B. S., 1967, Solution studies of
chrysotile, lizardite and antigorite: U.S. Geol. Survey
Prof. Paper 384-B, p. 93-105.

Foslie, Steinar, 1945, Hastingsites, and amphiboles from the
epidote-amphibolite facies: Norsk. Geol. Tidsskr., v. 25,
p. 74-98.

Gillery, F. H., 1959, The X-ray study of synthetic Mg-Al
serpentines and chlorites: Am. Mineralogist, v. 44, nos.
1-2, p. 143-152.

Goddard, E. N., and others, 1948, Rock-color chart: Wash-
ington, D.C., Natl. Research Council, 6 p. (republished
by Geol. Soc. America, 1951, reprinted 1970).

Gruner, J. W., 1937, Notes on the structure of serpentines:
Am. Mineralogist, v. 22, no. 2, p. 97-103.

Hess, H. H., 1962, History of ocean basins, in Engel, A. E. J.,
and others, eds., Petrologic studies—A volume in honor
of A. F. Buddington: New York, Geol. Soc. America,
p. 599-620.

Hey, M. H., 1954, A new review of the chlorites: Mineralog.
Mag., v. 30, no. 224, p. 277-292.

Hitcheock, C. H., 1861, The Azoic rocks, in Hitchcock, Ed-
ward, Hitchcock, Edward, Jr., Hager, A. D., and Hitch-
cock, C. H., Report on the geology of Vermont; descrip-
tive, theoretical, economical and scenographical: Clare-
mont, N.H., Claremont Mfg. Co., v. 1, p. 452-558.

Hitcheock, Edward, Hitchcock, Edward, Jr., Hager, A. D.,
and Hitchcock, C. H., 1861; Report on the geology of
Vermont; descriptive, theoretical, economical, and sceno-
graphical: Claremont Mfg. Co., Claremont, N.H., v. 1,
558 p.; v. 2, 982 p.

Ito, T., Morimoto, N., and Sadanaga, R., 1954, On the struc-
ture of epidote: Acta Cryst., v. 7, pt. 1, p. 53-59.

Jahns, R. H., 1967, Serpentinites of the Roxbury district,
Vermont, in Wyllie, P. J., ed., Ultramafic and related
rocks: New York, John Wiley and Sons, p. 137-160.

Keith, S. B, and Bain, G. W., 1932, Chrysotile absestos; I,
Chrysotile veins: Econ. Geology, v. 27, no. 2, p. 169-188.

Kemp, J. F., 1901a, Notes on the occurrence of asbestos in
Lamoille and Orleans Counties, Vermont: U.S. Geol.
Survey Mineral Resources U.S. 1900, p. 862-866.

1901b, A new asbestos region in northern Vermont
[abs.]: Science, new ser., v. 14, p. 773-774; Am. Geolo-
gist, v. 28, p. 330; New York Acad. Sci. Annals, v. 14,
p. 140-141 (1902).

Kouiimsky, Jifi, and Filédkova, E., 1954, Vizkum hader z
dobsinskych hald—Research of the serpentine from Dob-
§ind: Prague Narodni Mus. Sbornik, v. 10B, no. 6,
Mineralogia, no. 2, p. 3-13.

Koufimsky, Jifi, and Satava, V., 1954, A contribution to the
question of the determination of minerals of serpentine
group: Prague Narodni Mus. Sbornik, v. 10B, no. 4,
p. 1-19.

Kunze, Gunther, 1956, Die gewellte Struktur des Antigorits,
I: Zeitschr. Kristallographie, v. 108, no. 1 and 2, p.
82-107.

1958, Die gewellte Strukture des Antigorits, II:
Zeitschr. Kristallographie, v. 110, no. 4, p. 282-320.
MeclIntyre, D. B.,, and Weiss, L. E., 1957, Construction to
scale of block diagrams in orthographic projection:
Geologists’ Assoc., London, Proc., v. 67 (1956), pt. 1-2,

p. 142-155.

Marsters, V. F., 1904, A preliminary report on a portion of
the serpentine belt of Lamoille and Orleans Counties:
Vermont State Geologist Rept. 4, p. 86-102.

1905, Petrography of the amphibolite, serpentine, and
associated asbestos deposits of Belvidere Mountain, Ver-
mont: Geol. Soe. America Bull,, v. 16, p. 419-446.

Maser, Morton, Rice, R. V., and Klug, H. P., 1960, Chrysotile
morphology: Am. Mineralogist, v. 45, nos. 5-6, p. 680—~
688.

Moores, E. M., 1969, Petrology and structure of the Vourinos
ophiolitic complex of northern Greece: Geol. Soc. Amer-
ica Spec. Paper 118, 74 p.

Moores, E. M., and Vine, F. J., 1971, The Troodos massif,
Cyprus and other ophiolites as oceanic crust, evaluation
and implications, in A discussion on the petrology of
igneous and metamorphic rocks from the ocean floor:
Royal Soc., London, Philos. Trans., ser. A, v. 268, no.
1192, p. 443-466.

Morgan, W. J., 1968, Rises, trenches, great faults, and crustal
blocks: Jour. Geophys. Research, v. 73, no. 6, p. 1959—
1982.

Nagy, B. S., and Faust, G. T., 1956, Serpentines—natural
mixtures of chrysotile and antigorite: Am. Mineralogist,
v. 41, nos. 11-12, p. 817-838.

Olsen, E. J., 1961, Six-layer ortho-hexagonal serpentine from
the Labrador trough: Am. Mineralogist, v. 46, nos. 3-4,
p. 434-438.

Page, N. J., 1968, Chemical differences among the serpentine
“polymorphs”: Am. Mineralogist, v. 53, nos. 1-2, p.
201-215.

Perry, E. L., 1927, Summary report on the geology of
Plymouth and Bridgewater, Vermont: Vermont State
Geologist Rept. 15 (1925-26), p. 160-162.

1929, The geology of Bridgewater and Plymouth
Townships, Vermont: Vermont State Geologist Rept. 16,
(1927-28), p. 1-64.

Rabbitt, J. C., 1948, A new study of the anthophyllite series:
Am. Mineralogist, v. 33, nos. 5-6, p. 263-323.

Raleigh, C. B., and Paterson, M. S., 1965, Experimental de-
formation of serpentine and its tectonic implications:
Jour. Geophys. Research, v. 70, no. 16, 3965-3985.

Ramberg, Hans, 1945, Petrological significance of sub-solidus
phase transitions in mixed crystals: Norsk Geol. Tidsskr.,
v. 24, p. 42-74.

1952, The origin of metamorphic and metasomatic
rocks: Chicago, Univ. Chicago Press, 317 p.

Reicker, R. E., and Rooney, T. P., 1966, Weakening of dunite
by serpentine dehydration: Science, v. 152, no. 3719, p.
196-198.

Reinhardt, B. M., 1969, On the genesis and emplacement of
ophiolites in the Oman Mountains geosyncline: Sch-
weizer. Mineralog. u. Petrog. Mitt., v. 49, no. 1, 30 p.

Riordon, P. H., 1955, The genesis of asbestos in ultrabasic
rocks: Econ. Geology, v. 50, no. 1, p. 67-81.




88 ASBESTOS-BEARING ULTRAMAFIC ROCKS OF BELVIDERE MOUNTAIN AREA, VERMONT

Roy, D. M., and Roy, Rustum, 1954, An experimental study
of the formation and properties of synthetic serpentines
and related layer silicate minerals: Am. Mineralogist, v.
39, nos. 11-12, p. 957-975.

1955, Synthesis and stability of minerals in the system
Mg0-Al:0.-Si0-~H:0: Am. Mineralogist, v. 40, nos. 3-4,
p. 147-178.

Selfridge, G. C., Jr., 1936, An X-ray and optical investigation
of the serpentine minerals: Am. Mineralogist, v. 21, no.
8, p. 463-503.

Smith, C. H., 1958, Bay of Islands igneous complex, western
Newfoundland: Canada Geol. Survey Mem. 290, 132 p.

Stevens, R. K., Church, W. R., St. Julien, Pierre, 1969, Age
of ultramafic rocks in the northwestern Appalachians
[abs.]: Geol. Soc. America, Abs. with Programs, [v. 1],
pt. 7, p. 215-216.

Sykes, L. R., 1967, Mechanism of earthquakes and nature of
faulting on the mid-oceanic ridges: Jour. Geophys. Re-
search, v. 72, no. 8, p. 2131-2153.

Thayer, T. P., 1960, Some critical differences between alpine-
type and stratiform peridotite-gabbro complexes: Inter-
nat. Geol. Cong., 21st, Copenhagen, 1960, Rept., pt. 13, p.
247-259.

1966, Serpentinization considered as a constant-volume

metasomatic process: Am. Mineralogist, v. 51, nos. 5-6,

p. 685-710.

1967, Chemical and structural relations of ultramafic

and feldspathic rocks in alpine intrusive complexes, in

Wyllie, P. J., ed., Ultramafic and related rocks: New

York, John Wiley and Sons, p. 222-239.

1969, Alpine-type sensu strictu (ophiolitic) peridotites
—Refractory residues from partial melting or igneous
sediments?, A contribution to the discussion of the paper
“The origin of ultramafic and uitrabasic rocks” by P. J.
Wyllie in Deep-seated foundations of geological phenom-
ena—Upper Mantle Proj. Sci. Rept. 24: Tectonophysies,
v. 7, no. 5-6, p. 511-516.

Trofimov, V. S., 1940, [The carbon-bearing peridotites of the
region of the village of Kalgachikha, Archangel dis-
trict]: Akad. Sci. Nauk S.S.S.R., Sér. Géol., no. 6, p.
20-35. (In Russian, English summ.)

Vermont State Geologist, 1898-[1947?], Reports, 1898-1947:
Burlington, Vt., v. 1-25.

Weiss, L. E., 1958, Structural analysis of the basement
system at Turoka, Kenya: Overseas Geology and Mineral
Resources, v. 7, no. 1, p. 3-35; no. 2, p. 123-153. (Re-
printed in 1959 in one volume: London, H. M. Sta-
tionery Office, 65 p.)

White, W. S., 1949, Cleavage in east-central Vermont: Am.
Geophys. Union Trans., v. 30, no. 4, p. 587-594.

Whittaker, E. J. W., 1951, An orthorhombic variety of chry-
sotile: Acta Cryst., v. 4, pt. 2, p. 187-188.

————1952, The unit cell of chrysotile: Acta Cryst., v. b,
pt. 1, p. 143-144.

1953, The structure of chrysotile: Acta Cryst., v. 6,

pt. 8-9, p. 747-748.

1956a, The structure of chrysotile; II, Clino-Chryso-

tile: Aecta Cryst., v. 9, pt. 11, p. 855-862.

1956b, The structure of chrysotile; III; Ortho-Chry-

sotile: Aecta Cryst., v. 9, pt. 11, p. 862-865.

1956¢, The structure of chrysotile; IV, Para-Chry-

sotile: Acta Cryst., v. 9, pt. 11, p. 865-867.

1957, The structure of chrysotile; V, Diffuse reflexions
and fibre texture: Acta Cryst., v. 10, pt. 3, p. 149-156.

Whittaker, E. J. W., and Zussman, Jack, 1956, The char-
acterization of serpentine minerals by X-ray diffraction:
Mineralog. Mag., v. 31, no. 233, p. 107-126.

1958, The characterization of serpentine minerals: Am.
Mineralogist, v. 43, nos. 9-10, p. 917-920.

Wilson, J. T., 1965, Transform faults, oceanic ridges, and
magnetic anomalies southwest of Vancouver Island:
Science, v. 150, no. 3695, p. 482-485.

Winchell, A. N., and Winchell, Horace, 1951, Description of
minerals, Pt. 2 of Elements of optical mineralogy—an
introduction to microscopic petrography [4th ed.]: New
York, John Wiley and Sons, 551 p.

Winchell, Horace, 1958, The composition and physical prop-
erties of garnet: Am. Mineralogist, v. 43, nos. 5-6, p.
595-600.

Wyllie, P. J., ed., 1967, Ultramafic and related rocks: New
York John Wiley and Sons, 464 p.

1969, The origin of ultramafic and ultrabasic rocks,
in Deep-seated foundations of geological phenomena—
Upper Mantle Proj. Sci. Rept. 24: Tectonophysics, v. 7,
nos. 5-6, p. 437-455.

Yoder, H. S., Jr., 1952, The Mg0-Al.0.~Si0.~H.O system and
the related metamorphic facies: Am, Jour. Sci., Bowen
Volume, pt. 2, p. 569-627.

Zussman, Jack, 1954, Investigation of the crystal structure
of antigorite: Mineralog. Mag., v. 30, no. 227, p. 498-512,

Zussman, Jack, and Brindley, G. W., 1957, Serpentines with
6-layer ortho-hexagonal cells: Am. Mineralogist, v. 42,
nos. 9-10, p. 666-670.

Zussman, Jack, Brindley, G. W., and Comer, J. J., 1957,
Electron diffraction studies of serpentine minerals: Am.
Mineralogist, v. 42, nos. 3-4, 133-153.




A Page

Actinolite, In muscovite-quartz-
chlorite schist of
Belvidere Mountain

Formation ____
Albite, detrital origln ____________
in albite porphyroblast zone __ 67

in amphibolite of Belvidere

Mountain Formation _9, 10, 11
in contact-alteration zone ____ 19
in Hazens Notch rocks __._____ 8
in metamorphosed sedimentary

and volcanic rocks-.12, 14,15
in muscovite-albite-quartz-

(chlorite) rock .._.__ 50
in schist of Belvidere

Mountain Formation __ 10
in schist of Stowe Formation __ 12
relict grains in blackwall _____ 50, 55
replaced by garnet _.__________ 65
replaced by vesuvianite ________ [i1:3
porphyroblast rock zone ______ 50, 67

Allanite, in metamorphosed
sedimentary and

voleanic rocks ___.. 15,16, 17

Alteration, gains and losses _______ 59
isochemical __________________ 60
isovolumetric ________________ 61
Amphibole, in amphibolite ________ 14
in Hazens Notch rocks ________ 8

in metamorphosed sedimentary
and volcanic rocks -_12, 14,17

in schist of Stowe Formation _ 12
Amphibole asbestos _____._____ 33, 87,59
Amphibolite __._____ 7,8,9,10,11, 18, 45,

48, 49, 50, 55, 62,
63, 65, 67
Anthophyllite ___________________ 34

fibrous . _______ 37

in dunite and peridotite ______ 25

pyroxene altered to

anthophyllite ____ 35, 37, 56

relict in serpentinite _________ 26

Anticlinal arch ________ - 68

Anticlines ._._ — 8
Antigorite ____ - 38
aluminian —__________________ 57
crystal structure modifications _ 23
habit 19, 23, 37

in zones of marginal alteration
bordering serpentine
veins o ___________ 37
interlayered with chlorite in
pseudomorphs after

pyroxene ____________ 40
predominant mineral in

serpentinite _________ 57
replacement of olivine by

antigorite ___________ 57

replacement of pyroxene or
anthophyllite by
antigorite ________ 35, 40, 57

INDEX

[Italic page numbers indicate major references]

. Antigorite—Continued Page
rimming mineral of chromite or
magnetite grains ... 34, 40

Apatite, in amphibolite of
Belvidere Mountain

Formation __________ 10, 11
in blackwall-chlorite rock _____ 50
in metamorphosed sedimentary
and volcanic rock ____ 16
in rodingite _________________ 48
in schist of Belvidere
Mountain Formation . 10
in schist of Stowe Formation _ 12
relict mineral from country
ToCkS o ___. 55
relict mineral in steatite _____._ 42
Arsenopyrite _______ . _______ 36
Asbestos, amphibole __________ 33, 37, 59
replaced by tale ____________ 56
Asbestos veins, brucite intergrowth
with chrysotile ______ 18
calcite intergrown with
chrysotile ___________ 41
composition _____ . ______ 37
cross-fibre veins .____ 27, 38, 57, 76, 82
geometric relations ______ 29
magnetite Intergrowth with
asbestos ____________ 36, 59
slip-fiber veins __._.. 27, 30, 57, 76, 82
calcite intergrowths with
chrysotile
Augite
B
Bedding .
crosscut _
folded ______________________

lineatlons resulting from
intersection of bedding

and cleavage _._____.__ 75
original differences in
composition _________ 7
reliet 16
in albitic gneiss of Hazens
Notch Formation —____ 8

in amphibolite, schist,
greenstone of Belvidere

Mountain Formation __ 7,9
in Ottauquechee
Formation __________ 11
in rodingite _____________ 48
in schist of Hazens Notch
Formation __________ 7,8
transverse to schistosity _—_____ 8

Blotite, in amphibolite of Belvidere
Mountain Formation _ 9, 10, 11
in country roek ______________ 48
in Hazens Notch rocks _______ 8
In metmorphosed sedimentary
and volcanic

rocks . _____ 12, 13, 14,15

Biotite—Continued Page
in schist of Belvidere Mountain

Formation ______.__. 10

in schist of Stowe Formatlon _ 12

Blackwall chlorite rock, albite
porphyroblast rock
[70) 1 U, 67
association with ultramafic rocks
where marginally
altered to talcose

TOCKS oo 62
Brittle-style folds ____—___________ 72
Brucite - ________________________ 34, 40
“brucite” layer in crystal
structure _________. 23
fibrous e 18, 30, 31
in dunite and peridotite ______ 25
in microscopic veins 31
in piecrolite velns __ 30, 40
in serpentinite —___________ 26, 27, 57
in serpentinized zones at margins
of veins —_________ 31, 32, 40
intergrowth with chrysotile - 18, 27, 40
olivine replaced by brucite __.__ 57
pyroxene altered to brucite ____ 35
Brucite-calcite-magnetite
velns ___ . ___ 33, 34, 35, 36
C
C-area QUArry — - 24
Calcite, associated with brucite in
veinform aggregates - 40
columnar ___.________________ 66
fibrous 18, 30, 33, 39, 41, 58

in amphibolite of Belvidere

Mountain Formation - 11
in asbestos veins ..
in blackwall rock ___________
in metamorphosed sedimentary

and voleanic rocks —.._ 16, 17
in phyllite, schist, gneiss, and
quartzite —___ . _____ 7
in pierolite veins ____________ 41
in rodingite , 58,65
in serpentine veins ___________ 58
in serpentinite . _ . ______ 41, 57
in serpentinized ultramafic
izneous rocks ____ 40, 41,57
in steatite. talc-carbonate rock,
and carbonate-quartz
rock o ____ 43
in tremolite rock _____________ 53
intergrowth with chrysotile ___ 41
replaces brucite _____________ 33
Calcite veins, in ultramafic and
associated rocks _____ 41
with chlorite, and magnetite___45, 49,
53, 59,63, 66

with magnetite and brucite __ 33, 36, 59
Calcite veinlets, in dunite,
peridotite, and
serpentinite . ___._____ 33, 41



90
Page
Carbonate-quartz rock ..___ 41, 43, 56 82
as tabular, irregular, or
lenticular masses in main
ultramafic body ______ 18, 41
bordered by talc-carbonate
TOCK 41

derivation from ultramafic
igneous rocks and
serpentinite _________ 59
metamorphic reaction with
dunite, serpentinite,

and country rock ____ 60,61
relation to dunite, peridotite,
and serpentinite _____ 60
relation to faults and shear
ZONes . ______ 62
Carbonates - ________ . _____.____ 34

in amphibolite of Belvidere
Mountain Formation _ 10, 11

in echlorite rock __-__________ 50
in dunite and peridodite ______ 25
in Hazens Notch rocks —_______ 8
in igneous rocks, serpentinite,

and veins ____ 26, 33,34, 40
in metamorphosed sedimentary

and volcanie rocks ___ 16
in schist of Belvidere Mountain

Formation __________ 10
in schist of Stowe Formation __ 12
in serpentinite _______________ 26

in steatite, talc-carbonate rock,
and carbonate-quartz

rock . ____________ 43
in tremolite and chlorite rock
association __________ 50
Carbonatization ____________ 60, 61, 62, 67
Chemical analyses of rocks ___.___ 7
Chlorite ___________________ - 34,40
at contact between serpentinite
and amphibolite ______ 45

formed by interaction of

magnetite and

antigorite ___________ 57
in amphibolite of Belvidere

Mountain Formation_9, 10, 11

in blackwall rock ________ 50, 53, 67
in chlorite roek ______________ 50
in dunite and peridotite ______ 25
in Hazens Notch rocks ________ 8

in metamorphosed sedimentary
and voleanic rocks _ 12, 13,15

in rodingite _________________ 48, 53
in schist of Belvidere Mountain
Formation __________ 10
in schist of Stowe Formation _ 12
in serpentine-chlorite rock _ 49, 53, 66
in serpentinite _______________ 26

in steatite, tale-carbonate, and
carbonate-quartz rocks_42, 43

in tremolite rock _____________ 50,53

pyroxene altered to chlorite ___ 40,57

relict mineral in steatite from
blackwall chlorite rock _ 43

caleite, and magnetite veins in
rodingite and
serpentine-chlorite
rock ____ 45, 49,53, 59, 63, 66

Chloritization 62, 65, 82
Chromite _______________________ 35
as layers in chromitite ___ 26
associated with chlorite 40
composition _________________ 36
in asbestos veins _____________ 29
in dunite and peridotite -_ 25, 26, 56
in serpentinite __________ 26, 56, 57

in serpentinized zones at
margins of velns _____ 31, 32

INDEX

Chromite—Continued Page
in steatite, talc-carbonate rock,
and carbonate-quartz

rock _._.___ 41, 42, 43, 59, 62
intergrowth with magnetite ___ 35
primary mineral ____ ... 34
replaced by carbonate _ - 43

zoning of grains ____ ———— 34
Chromite-magnetite vein ___.______ 36
Chromitite ______ .~ 24, 26, 33, 36, 56
Chromitite velns _________________ 26
Chrysotile ___________________.__ 39
Chrysotile, asbestos _ 18,27, 30,37,41,59

habit . 19, 23, 37

in picrolite veins - ______ 37, 40

in serpentine-chlorite rock _____ 54

in veins o __ 34, 58, 59

replacement of olivine by

chrysotile . ________ 34, 57

subvarieties ______________ 19, 24, 39
Cleavage, axial-plane _____________ 78

fracture _..________

definition ______
in ultramafic rocks __
SHP e
definition _______________
in rocks of Belvidere
Mountain Formation .. 9
in schist of Hazens Notch
Formation __________ 8

spaced, chlorite rock _________ 50

Clinochrysotile _________

Clinozoisite, in gneiss
in rodingite ________

relict mineral _____.__________ 65
replaced by chlorite in rodingite _ 53, 65
replaced by garmet ___________ 65
replaced by vesuvianite _ 65
Conchoidal fracture _______ 49
Contact relations ________________ 68
Contact rocks __ . _______________ 44, 62
Corez Pond body _.________ 18, 41, 42, 43,
44, 60, 62, 68
Country rock (schist and
amphibolite) ___ 7,19, 44, 45,
50, 62
Crystals, bent __________________ 10
Crystals or grains, amorphous _____ 16
clastic ______________________
eryptocerystalline _____________
embay .
engulf _____________
fractured _______.__

healed fractures ____
inclined extinetion ___________
invasion of _______
mortar structure ____________
overgrowths ________
polysynthetic twinning _

serrated ____________________ 48
spindle-shaped _______________ 31
sutured ____________ 12
straiped  ____________________ 12
undulatory extinction __.__ 34, 51, 56
uniform extinetion ___________ 51
zonal pattern _______________ 34

Dimensional orientation of primary
minerals in dunite
and peridotite _______ 71
Diopside. at contact bhetween
serpentinite and

amphibolite __________ 45
enclosed in rodingite by garnet _ 52, 65
hornblende replaced by diopside _ 65
in dunite and peridotite ______ 35
in rodingite ____ 48, 49, 50, 51, 63, 65

replaced by chlorite in
rodingite ____________ 53, 65

Diopside—Continued Page
replaced by garnet ____.__.____ 65
replaced by vesuvianite ___._.._ 65

Displacement along faults . _____ 76

Dolomite, in metamorphosed
sedimentary and

volcanic rocks _.___- 16
in serpentinite ______________ 41

in serpentinized ultramafic
igneous rocks _______ 40
DTA studies, chrysotile group _____ 39
lizardite ____________ . 40
serpentine 37
Dunite —__________ 18, 24, 26, 32, 33, 35,

37, 40, 41, 42, 43

association with multiple-fiber

asbestos veins _______ 29
magnetite veins ______________ 34
marginal zones of alteration

adjacent to serpentine

veins
picrolite veins
relation to association of

rodingite and

serpentine-chlorite rock 62
replaced by talc-carbonate
rock _____________ 60, 61, 62
serpentine veins _____________ 59
spinellids  ___________________ 36
E
Eden quarry body __ 18, 41, 42, 43, 44, 45,

50, 59, 62, 63
Epidote, in amphibolite of Belvidere
Mountain Formation - 9, 10, 11
in Hazens Notch rocks _______ 8
in metamorphosed sedimentary
and volcanic rocks - 12, 15, 17

in rodingite _________________ 50, 51

in schist of Belvidere Mountain
Formation __________ 10
in schist of Stowe Formation _ 12
in tremolite rock . ______ 50
Epidote-amphibolite facies ________ 9
Eugeosyneline __ .. _______________ 76

F

Facies, epidote-amphibolite ________ 14
Faults 62, 68, 70, 76
control of distribution of rocks _ 41, 82
Fluorapatite 16

Folds _ o ___ 72,78
in metamorphosed sedimentary
and volcanic rocks _ 9, 68, 69.

70,72
in ultramafic rocks ___________ 73
Foliation, in amphibolite of Belvidere
Mountain Formation - 10
in schist of Hazens Notch
Formation __________ 8
Formations, Belvidere Mountain
Formation __________

Hazens Noteh Formatien
Ottauquechee Formation
Stowe Formation ____________
Formulas, amphibole
amphibole, caleulations _______

antigorite ___________________
brueite. calenlation __________
chlorite in blackwall rock _.____ 53
chlorite in caleite-chlorite-

magnetite veins ______ 53
chlorite in chlorite-tremolite

rock o ___ 54

chlorite in metamorphosed
sedimentary and
voleanie rocks _—______ 14
chlorite in rodingite _________ 54



Formulas—~Continued Page
chlorite in serpentine-chlorite
rocks o

chlorite in tremolite
chlorite in ultramafic rocks and
serpentinite _________ 40
chromite ___ — 36
chiysotile
clinozoisite
diopside _
epidote

calculations
garnet _____________________
lizardite ___
magnesite ___ . __________
magnetite in calcite-chlorite-
magnetite veins _.____ 53
olvine _____________________ 35
pierolite ___________________ 39
pistacite ________________ 15
prehnite ____________________ 52
serpentine, calculation __.______ 83
tale o ___ 43
tremolite - _________________ 15, 55
vesuvianite __________________ 52
zoisite . _______________ 52
Fracture cleavage __ . ___________ 73
Fractures __._____________________ 82
G
Garnet, alteration product ________ 65

in amphibolite of Belvidere

Mountain Formation _ 10,11
in Hazens Notch rocks ________ 8
in metamorphosed sedimentary

and volcanic rocks . 12, 14, 15,

17,18
in rodingite ____ 48, 49, 50, 52, 63, 65

in schist of Belvidere Mountain
Formation __________ 10
in serpentine-chlorite rock .___ 66
microprobe analysis __________ 52

replaced by chlorite in

rodingite __.__________ 53, 65
replaced by serpentine ___._____ 54
Gersdorfite ______________________ 36
Glide twinning _________.________ 56
Gouges . _____ 76

Graphite, displacement of graphitic
schist during blackwall-
steatite reaction _____ 57
in amphibolite of Belvidere
Mountain Formation . 10,11

in ecountry rock .______._______ 48, 55
in gneiss ___________________ 13
in Hazens Notch rocks _._____ 8
in metamorphosed sedimentary

and voleanic rocks ___ 16
in phyllite and schist of

Ottauquechee

Formation . _________ 11
in serpentinite ___________ 27, 41, 57
in steatite, talc-carbonate, and

carbonate-quartz rock _ 44

H

Habits, antigorite
caleite . ______________
chlorite . ________________
chromite ____________________
magnetite ___________________
chrysotile __
clinozoisite __________________
diopside o ______________
garnet ____
graphite ____________________
ilmenite ____________________
lizardite __
magnetite _____

INDEX

Habits—Continued
mieroline . ____________
olivine ______________
pyrite . _______
pyroxene, tabular
rutile
serpentine __________________
sphene _____________________
tourmaline __________________
tremolite ___________________
vesuviante __________________
Zireon oo

Hornblende, 1n amphlbolite of

Belvidere Mountain

Formation ________ 9,10, 11
in metamorphosed sedimentary

and volcanic rocks ___ 14,15
relict mineral in blackwall

chlorite rock ________ 54

relict mineral In contact rocks - 51, 55
relict mineral In rodingite _ 48, 54, 65

Igneous rocks __._________________ 24
petrogenesis __._________________ 56

Ilmenite, in amphibolite of Belvidere
Mountain Formation _ 10,11

in blackwall rock ____________ 50, 55
in Hazens Notch rocks ______ 8
in magnetite lenses ___________ 33
in metamorphosed sedimentary

and volcanic rocks .. 16,17
in phyllite of Ottauquechee

Formation __._.______ 11
in rodingite __________ 48, 55, 65, 67
in schist of Belvidere Mountain

Formation __________ 10

in serpentine-chlorite rock _ 49, 55, 66
Inclusions, in ecrystals, clinozoisite
in albite in greenstone
and amphibolite _____ 13
in crystals, diopside, clinizoisite,
in garnet and
vesuvianite and
rodingite ____________ 65
epidote in albite __._._____ 10
graphite in mineral grains
of schist and phyllite _ 16, 17
in olivine grains in igneous

rocks . _________ 34
olivine in pyroxene in
igneous rocks ________ 35, 56
rutile in quartz in phyllite
and related rocks _.__ 17
in rocks, in ultramafic
intrusive bodies _____ 44, 69
wallrock ________________ 69
in veins, chips of
serpentinite ______ 29, 31, 58
massive serpentine in
cross-fiber velns ._____ 29
Intergrowths, brucite with
chrysotile __.______

brucite with picrolite _.______
calcite with chrysotile ___
chromite with magnetite
magnetite with asbestos
magnetite with pyrite and

sufarsenides _________ 56

olivine and magnetite ________ 34, 36

Intertonguing 7,9

Intrusive structures _____________ 68

Isograds, hornblende _____________ 9
J

Joints 44, 45, 75, 82

91

L Page

Layering, in contact rocks ._.__ 42,48, 63
in igneous rocks _ 9,25, 56, 69,71, 78
in marginal alteration zones _ 32
in metamorphie rocks ______ 8,12, 14
Layering in metamorphosed
sedimentary and
voleanic rocks,
compositional
differences and origin . 7

relict
tectonic origin . _________
transverse to bedding
Lineations .. ____ —
Lizardite ________
erystal structure changes in
platy varieties of
serpentine __________ 23
in serpentine-chlorite rock ____ 54
in zones of marginal alteration
bordering serpentine

veins o _ 37, 57
replacement of olivine by
lizardite ____________ 58
Lowell quarry ___________________ 24
Lowell quarry body ___ 18, 33,41, 42, 44,
45, 50, 63, 68
M
Magnesite, in contact-alteration
ZONe 19
in serpentine ________________ 57
in serpentinized ultramafic
igneous rocks _______ 40, 41
in talc-carbonate and carbonate-
quartz rock ____.___ .. 42,43

in transition zone between
steatite and tale-

carbonate rock ______ 42
Magnetite __ . 35,53

as inclusions in olivine ______ 34
as vein fillings in fractured

chromite grains ______ 56
associated with brucite in

veinform aggregates _ 40
associated with chlorite ______ 40
chromian _____________ 38, 34, 56, 59
composition _________________ 36
fibrous er columnar habit __.__ 29, 36
in amphibolite of Belvidere

Mountain Formation -_ 10, 11
in asbestos veins ______ 27, 29, 30, 36
in blackwall chlorite rock _..__ 53
in dunite and peridotite _____ 25
in Hazens Noteh rocks .._____ 8
in metamorphosed sedimentary

and volcanic rocks ..__ 16
in rodingite _________________ 48, 53
in serpentine-chlorite rock ____ 49,53
in serpentinite ___________ 25, 56, 57
in serpentinized zones at

margins of veins _____ 31, 32

in steatite, talc-carbonate rock,
and carbonate-quartz

rock ____________ 41,42, 43

in tremolite rock _____._______ 50, 53
Magnetite, in ultramafic body, as

part of main body _.__ 18
nonchromian 34
primary mineral .____________ 34
pyroxene altered to

magnetite ________ 35, 36, 57
replaced by carbonate ________ 43

Magnetite-brucite-carbonate veins _ 33, 34,

36, 59

Magnetite-chlorite-calcite veins ____ 45

Magnetite veins ___________ 24, 33-36, 59
Margarite, in metamorphosed
sedimentary and

voleanic rocks _._____ 13



92
Page
Metamorphic differentiation _______ 18
Metamorphic features _.________.._ 16
Metamorphic history .- 79
Metamorphic processes, calculations
of chemical changes ._ 82
Metamorphosed sedimentary and
volcanic rocks,
Belvidere Mountain
Formation .. .._ 8
Hazens Notch Formation _____ k4
Ottauquechee Formation ______ 11
Stowe Formation ___.__________ 11
Metasomatic aureoles ____________ 79
Metasomatic processes,
ealculations of chemical
changes _____________ 82
Metasomatism . ____ . ___ 63
Microcline, in country roeck —______ 48
in metamorphosed sedlmentary
and voleanic rocks ___ 16
Mineralogy, consistent pattern of
varfiation __ . _________ 34, 49
unsystematic pattern of
varfation ____________ 34
Minerals :
carbonates _______ 8, 10, 11, 16, 26, 34,
40, 43, 50
caleite _____ 11, 16, 17, 18, 27, 30,

33, 39, 40, 41, 43, 45,
48, 49, 50, 53, 57, 58,

59, 63, 65, 66

dolomite __________ 16, 40, 41, 43

magnesite ________.__ 39-43, 57

chain sillcates:

amphlibole group:

actinollte __________ 10, 33, 55

amphibole ____ 8,612,183, 14,17,

33, 37

anthophyliite ___ 26, 34, 35, 37,

56, 57

hornblende ____9-15, 48, 51, 54,

55, 65

tremolite __ 19, 83, 50, 53, §4, 67
pyroxene group:

dlopside ____ 45, 48, 49, 50, 51,
52, 53, 63, 65, 66

pyroxene _______ 24, 26, 29, 34
35, 37, 56,57

framework silicates:
feldspar group:

albite _____ 8-11, 12, 13-15,17,

19, 50, 55, 65, 67

microline __________ 16, 17, 48
-plagloclase ____________ 48
quartz .. 8,610,11, 12,17, 19, 41,

43, 48, 50, 51, 55

hydroxtdes, brucite __ 18, 25, 26, 27,

30-35, 39, 40,57
native elements, graphite _ 8, 10, 11, 13,
16,17, 18, 27, 41, 42,
43, 44, 48, 55, 57
orthosilicates :
epldote group:

allanite ___________ 15, 16, 17
clinozoisite _ 13,15, 48, 49, 51,
52, 63, 63, 65
epldote ____ 8-12, 15,17, 50,51
zolsite _ . __________ 49,51, 65
garnet group:
garnet ____ 8, 10,11, 13, 14, 15,
17, 48-51, 52, 53, 64,
63, 65, 66
oltvine group:
olivine ______ 24-27, 31, 32, 84,
35, 37, b6, 57
sphene ___ 8-12, 16, 17, 33, 42, 43,
44, 48, 50, 55, 62, 65,
66, 67
tourmaline ________ 10. 12,16, 17

INDEX

Minerals—Continued Page
orthosilicates—Continued

vesuvianite ____ 48-51, 52, 53, 54,

63, 65, 66

zircon o _______ 8,16, 17

oxides:

chromite __. 18, 25, 26, 29, 31, 32,

34, 35, 40, 41, 42, 43,

56, 57, 59, 62

ilmenite _______ 8,10, 11, 16, 17,

33, 44, 48, 49, 50,

55, 65, 66, 67

magnetite _ 8,10,11,16, 18, 25-27,
29, 30-34, 35, 36, 40—43,
45, 48, 49, 50, 53, 56-59, 66
rutile ___ 8,10,11,12, 16, 17, 33,
48, 50, §5, 65, 66, 67
phosphates, apatite _ 8, 10,11, 12, 186,
42, 48, 50, 55
sheet silicates:
chlorite group:
chlorite __. 8-12, 183, 14,15, 17,
26, 34, 40, 42-45, 48, 49,
50, 57, 65, 66, 67
tale —.__ 13, 19, 42, 43, 50, 55,

57, 67
mica group:
blotite .____ 8-12,18, 14,15, 17,
48, 55
sericite _____ 8,9, 11-15, 17, 67
white mica _ 10, 18,17, 19,55,
67
prehnite _____________ 52,48, 65
serpentine group:
antigorite __._ 19, 23, 24, 34, 35,
37, 38, 40, 57
chrysotile __. 18, 19, 23, 24, 27,
30, 37, 40, 41, 54,
517, 58, 59
Hzardite _______ 19, 23, 24, 40,
37, 54, 68
plerolite ___________ 24, 27, 30
serpentine _.__ 18, 25, 26,27, 29,
81-35, 37, 43, 49,
5%, 66
six layer orthoserpentine 19, 24,
317, 40, 57
sulfarsenides _______ 25, 26, 34, 43, 56
arsenopyrite _____________ 36
gersdorfiite ______________ 36
sulfides _______.__ 8, 10, 11, 12, 25, 26,
34, 43, 48, 55
pyrite _____ 16, 17, 36, 43, 50, 56
pyrrhotite _______________ 36
Molecular (catlon) percentages as
chemical analyses _.___ 82
Muscovite, in contact-alteration
Zone ________________ 19, 66
Muscovite-quartz-chlorite schist ____ 10
o
Oltvine . __ ______ ________________ 84
altered to serpentine ________ 34
as Inclustons In pyroxene _____ 35
as layers in chromitite _______ 26
in dunite and peridotite _ 24, 25, 56
in serpentinized zones at
margins of velns ____ 31,32
intergrown with magnetite ___ 34, 36
relict In serpentinite _____ 26, 27, 34
Open folds ______________________ 78
Ophiolite complexes ______________ 97
Optical properties, albite _________ 13
amphibole ___________________ 14
anthophyllite ________________ 37
antigorite ________________ 23, 24, 38
apatite _____________________ 16
brueite _____________________ 40
caleite ______________________ 40, 41
chlorite in blackwall-chlorite
rock ________________ 53

Optical properties—Continued Page
chlorite in calcite-chlorite-

magnetite veins ______ 53

chlorite in contact rocks ______ 53

chlorite in metamorphosed
sedimentary and

volcanic rocks ______- 14
chlorite in serpentine-chlorite

r0CK 53
chlorite in tremolite rock ___.__ 64
chlorite in ultramafic and

associated rocks _____ 40, 43
chromite ——_____
chrysotile -
clinozolsite
diopside
dolomite
epldote oo
garnet in contact rocks ____.__ 52

garnet in metamorphosed
sedimentary and

voleanic rocks —______ 15
Nzardite o 24, 40
miea o~ 55
olivine _ 34
prehnite __ 52
DYIOXeNne — e 35
Quarts o 12
serpentlne . _____ 37, 38, 54
six-layer orthoserpentine __.___ 24, 40
tale -
tremolite -
vesuvianite
white mica
zolsite __..
Orthochrysotile
P
Paragenesis, In contact rocks ______ 50, 63
in metamorphosed sedimentary
and volcanic rocks —___ 12

in steatite, talc-carbonate rock,
and carbonate-quartz

rock ________________ 41,59
in ultramafic and assoclated
rocks . ________ 33

Paragontte, in metamorphosed
sedimentary and

voleanie rocks _____.__ 13

Peridotite ___ . __.___ 18, 14, 26, 33, 35, 37,
40, 41, 43

magnetite velns in ___________ 34
picrolite veins In ____________ 30
replaced by talc-carbonate rock _ 60
serpentine velns in ___________ 59
spinelllds In _________________ 36

Petrogenesis, metamorphosed
sedimentary and

voleanic rocks _______ 16
ultramafic and assoclated rocks 56
PleroMte o _ 24, 80
cross column ~___ 31,57,58
hablt ____________________ 19, 27
Picrolite velns ________ 27, 30, 33, 58, 82
chrysotile habit ______________ 38
composition _________________ 37, 40
graphite ____________________ 41
modes of occurrence __________ 30
Plagloclase, in country rock _______ 48
Plastic folds 72
Protoliths __ -~ 16,17,65
Pyrite L __ 36
in Hazens Notch rocks —_____.__ 8

In metamorphosed sedimentary
and voleanic rocks ___ 16,17

in steatite, tale-carbonate, and
carbonate-quartz rock _ 43
in tremolite rock ____________ 50
intergrown with magnetite ____ 56

Pyrophyllite, 1n metamorphosed
sedimentary and
voleanie rock ________ 13



Page
Pyroxene _______________ 35
in peridotite __________ 24, 25, 34, 56
olivine grains in pyroxene
crystals _____________
relict in serpentinite
Pyrrhotite ——— 36
Q
Quartz, detrital origin ____________ 17
folded lenses ______________ 72,75
in amphibolite of Belvidere
Mountaln Formation _ 11
in contact-alteration zone 19
in Hazens Notch rocks _______ 8
in metamorphosed sedimentary
and volcanic rocks __. 12,17
in quartzite of Ottauquechee
Formation - 11
in rodingite _________________ 65
in schist of Belvidere Mountain
Formation _._ . ___ 10
in schist of Stowe Formation __ 12
in talc-carbonate and carbonate-
quartz rock —_________ 438
relict in blackwall chlorite rock 50
Quartz rodding . _____________ 5
R
Reglonal metamorphism ___________ 82
Replacement, albite porphyroblast
rock by blackwall
chlorite rock __.____._. 87
amphibolite by blackwall
chlorite rock ——_______ 50, 67
amphibolite by muscovite-albite-
quartz-(chlorite) rock - 50
amphibole by serpentine-chlorite
rock 66
anthophyllite by antigorite _ 57
anthophyllite by chlorite ______ 57
anthophyllite by serpentine ___ 37, 56
blackwall by tremolite rock ____ 67
blackwall chlorite rock by
steatite . ______._____ 67
chlorite in blackwall by
tremolite ____________ 67
chlorite in the blackwall zone
by tale _____________ 67
country rocks by steatite _____ 59
dunite by talc-carbonate rock - 60
garnet by serpentine __________ 54

gnelss by blackwall chlorite rock 50
olivine by antigorite __________
olivine by brucite _______

olivine by serpentinite
peridotite by talc-carbonate rock 60
pyroxene by anthophyllite _ 35, 37, 56

pyroxene by antigorite ________ 35, 87
pyroxene by chlorite _________ 57
pyroxene by serpentine ________ 37
rodingite by serpentine-chlorite

rock o ______ 66
schist by albite porphyroblast

rock . ______________ 67
schist by blackwall chlorite

rock o _____ 50, 67
serpentine by tale in talc-

carbonate rock ______ 67
serpentinite by steatite ___ 59, 62, 66

serpentinite by talc-carbonate
and carbonate-quartz

rock —____________ 59, 60, 61

steatite by tremolite roek _____ 67
talc in steatite zone by

serpentine ___________ 67

talc in steatite by tremolite ___ 67

talc-carbonate rock by steatite 66

vesuvianite by serpentine ____._ 54

Replacement veins, garnet ________ 52

INDEX

Page

Replacement velns—Continued
magnetite . ____________ 59
magnetite, brucite, and calcite _ 59
vesuvianite ___ . ___________ 52
Retrograde alteration _____________ 17, 65
Reverse faults . ____________ 76

Rock associations, rodingite and
serpentine-chlorite rock 62
steatite and blackwall chlorite
T0CK 49, 62
steatlite, talc-carbonate rock, and
carbonate-quartz rock
with ultramafic bodies 41
tremolite rock and chlorite
rock o _______ 50, 62, 67

Rock types:
albite porphyroblast rock __ 50, 63, 67

amphibolite __ 7,8, 9, 10-18,45, 48, 49,
50, 55, 62, 63, 65, 66, 67

coarse 9

fine - _____ 10

blackwall chlorite rock . 19, 42, 43, 44,
49, 50, 63-57,62, 63,66,

67, 82
carbonate-quartz
rock ______ 18, 41, 43,56, 59
chlorite rock _____________ 50, 54, 67
chromitite ________ 24, 26, 33, 36, 56
conglomerate, quartz-pebble and
quartz-granule _______ 11
dunite _______ 7,18, 19, 24, 26, 29, 30,
32-37, 40-43, 56, 57, 59,
60-63, 67
gnelss . __________ 12,13, 14,16, 17,
45, 48, 50, 63
albitle _________________ 7.8
graywackes __ ———— 17
greenstone _________ 7,9,11-17
muscovite-albite-quartz-
(chlorite) rock -—_____ 50, 55
peridotite ____ 7,18, 24, 26, 30, 33-37,
40, 41, 43, 56, 59, 60
phyllite _______________ 7,13, 16, 17
graphitic sericite-quartz _._ 11
serteite _________________ 11
quartzite ________ 7,11,12, 14, 16,17

rodingite __ 19, 44, 45, 48-56, 62, 63, 66
sandstone, quartzose _________ 17
schist _____ 7,9,12, 14, 16, 17, 18, 45,
48, 49, 50, 63, 65, 66

graphitic and nongraphitic 8
muscovite-quartz-chlorite _ 7-10
quartz-sericite-chlorite __ 9,11, 12
serpentine-chlorite rock _ 19, 44, 45,
49, 53-56, 62, 63, 66, 76

serpentinite ____ 18,19, 24, 26, 29-37,
4045, 49, 50, 56, 57, 59,

60-63, 66, 67, 82

silltstone ____________________ 17
steatite —___ 18, 19, 41, 49, 50, 54, 55,
56, 57, 59, 62, 63, 66, 82

talc-carbonate rock __ 18, 19,41, ;2,
50, 56, 59, 67

tremolite-chlorite rock _ 19, 50, 53, 54,
55, 56, 62, 63, 67

volcanie rock ________________ 17
Rodingite _________________ 44, 45,63, 82

adjacent to serpentinite ______ 62
composition _________________ 19
contact with serpentine-chlorite

rock __ . __________ 49, 55, 66
crosscut by chlorite-calcite-

magnetite veins ______ 66
cutting out by serpentine-

chlorite rock next to

amphibolite _________ 63, 66
stages of development ________ 65

variations in mineralogy _ 48, 49, 65
Rodingite and serpentine-chlorite
rock association _ 44, 62, 63, 64

93

Page

Rutile, in amphibolite of Belvidere
Mountain Formation _ 10,

-

in magnetite lenses __________
in metamorphosed sedimentary
and volcanic rocks __. 16,
in rodingite _____________ 48, 55,
in schist of Belvidere
Mountain Formation _
in schist of Stowe Formation __

S
Schistosity, ages of .

axial-plane
bedding -
definitlon e
in rocks of Belvidere
Mountain Formation __
in schist of Hazens Notch
Formation __ . ____
intersection with slip
cleavage _________.___
contlnuous, definitlon ________
in amphibolite of Belvidere
Mountain Formation __
in blackwall chlorite rock -
in Ottauquechee Formation
in schist of Belvidere
Mountain Formation __
in schist of Stowe
Formation __________
spaced, definition . ______
in blackwall chlorite rock -
in Ottauquechee Formation
in phyllite, schist, gneiss,
and quartzite ________
in rocks of Belvidere
Mountaln Formation __
in schist of Hazens Notch
Formation ___________
in schist of Stowe
Formation __________
in talc-carbonate rock ._.___
in tremolite rock —_____ -
transverse, definition ___ -
older and younger __ -
unclassified - -
Secondary minerals __ _
Sedimentary features, relict _ -
Septa, in ultramafic bodies ________ 9,
Sericite, in amphibolite of Belvidere
Mountain Formation . 9,
In gneiss ____________________
in Hazens Notch rocks
in metamorphosed sedimentary
and voleanic rocks _ 13, 14,
in phyllite and schist of
Ottauquechee
Formation __________
in schist of Stowe Formation _
Serpentine ___________________ 27, 34,
anthophyllite altered to
serpentine _______ 26, 37,
as layers in chromitite _______
filling fractures in chromite
gralns ______________
in cross-fiber asbestos veins ____ 27,
in dunite and peridotite _______
in magnetite lenses ___________
in microscopic veins _________

in serpentine-chlorite rock _. 49, 5§},
in serpentinite _______________ 26,
in serpentinized zones at

margins of veins ____ 31,

In steatite, talc-carbonate, and

carbonate-quartz rocks
olivine partly altered to
serpentine _______ 34, 37,

pyroxene altered to serpentine _ 26,
replaced by talc in steatite zone
chlorite rock ________________

n blackwall chlorite rock _____ 50,

11
55
33

17
65

10
12

71
8
74
70

9

8

7%
70

]
50
11

10

12
70
50
11

17

15

11
12
37

56
26

35
29
25
33
31
66
27

43

56
37
67



Serpentine veins

Page
Serpentine-chlorite rock, age

relations to calcite-

chlorite-magnetite

Veins oo 63, 66
association with serpentinite

and dunite o __ 63
chemical analyses 54, 55, 63
contact with amphibolite _____ 45
contact with rodingite - ______ 45, 55
contact with serpentinite ____ 44,45
derivation from rodingite __.___ 66
faults ____ 76
intersecting relations with

rodingite . __ - 63
layering o 63
mineral composition ___ 53, 54, 55, 66
mutually exclusive in

occurrence from steatite

and blackwall

association ________._ 56, 62
relation to ultramafic body _--_- 19, 62

_ 18,24, 29, 34,37, 57,82
age relation to chlorite-calcite-

magnetite veins ______ 66
age relation to serpentinization _ 56
associated magnetite __ 35, 36, 58, 59
chemical changes _____________ 59
crosscutting relations - 27
layering . _________________ 58
magnetite-brucite-calcite veins

replaced by serpentine

veins o __ 59
origin as fracture filling __ 57
relative ages of fissures —_____ 58

Serpentinite, absence of a

serpentinized zone

between talc-carbonate

rocks and enclosing

dunite - _____________ 59
age relations to steatite and

blackwall ___________ 62
alteration to carbonate-quartz

rock o ________ 43, 60, 61
alteration to talc-carbonate

rock .o ____ 59, 60, 61, 62
derivation from dunite and

peridotite ___________ 56
chips of in asbestos veins _____ 29, 30
chlorite-calcite-magnetite veins _ 45
composition ________ 33-38, 41, 43, 57
contact with tremolite and

chlorite rocks ________ 50

gradational relations with

steatite and tale-
carbonate rock _______ 62
inclusions and septa __________ 69

interlayered with dunite and

peridotite
_______ 18, 26, 29, 30, 33, 36,
38, 41, 56

massive

cross-fiber chrysotile
asbestos in __________ 18
association with single-fiber
asbestos veins 29

pierolite veins ___________ 30
cross-fiber veins, marginal
magnetite
concentrations _._____ 29

schistose __ 26, 30, 33, 37, 40, 41, 56, 57
adjacent to contacts of

ultramafic bodies _____ 26
as small isolated bodies of
ultramafic rock .______ 19, 26

association with slip-fiber

chrysotile asbestos ___ 18
in irregular zones that

transect both dunite

and massive

serpentinite _________ 26

INDEX

Serpentinite—Continued Page
relationship with serpentine
chlorite rock . 44, 45,49, 62,
63
replaced by talc-carbonate rock 60
zonation . 19
Serpentinization .__.__ 25, 34, 56, 57, 59, 62,
63, 65, 66, 78, 79, 82
Serpentinized zone, absence — - 59
adjacent to cross-fiber and
picrolite veins 27
at margins of veins ___ 31
magnetite veins _____ 59
Shape, ultramafic intrusive bodies - 68
Shear polyhedrons _ 26, 56, 68, 69, 72, 74, 75
Shear zones _____ 44, 45, 48, 62, 68, 79, 82
Shearing, in ultramafic bodies _____ 69
Six-layer orthoserpentine __.___-—— 40
habit .o 19, 24, 37
replacement of olivine by six-
layer orthoserpentine _ 57
Size, ultramafic intrusive bodies ___ 68
Slickensides o 76
Spectrographic analyses __ .. T

Sphene, in amphibolite of Belvidere

Mountain Formation _ 9, 10,

in blackwall rock ____________ 50,

in chlorite roek o —__

in Hazens Notch rocks __.____

in magnetite lenses __._._______

in metamorphosed sedimentary
and volecanic rocks ... 16,

in phyllite of Ottauquechee
Formation —_________

in rodingite __________ 48, 49, 55,

in schist of Belvidere Mountain
Formation __ . _____

in schist of Stowe Formation -

in tremolite rock . _________ 50,

relict mineral in steatite from
blackwall chlorite rock - 42,

relict mineral in steatite, tale-
carbonate, and
carbonate-quartz rocks
inherited from schist

or amphibolite _______
Steatite e
absence between contact of
tremolite and chlorite
rock with serpentinite _
age relation to asbestos _______
composition _________________
concentric shells at margins of
ultramafic bodies ____
derivation by replacement of
blackwall ___________ 66,
derivation by replacement of
country rock or
serpentinite ______ 59, 60,
derivation by replacement of
serpentinite _________ 62,
derivation by replacement of
tale-carbonate rock ___ 62,
gradational relation with
serpentinite _________
gradational relations with tale-
carbonate rock _______
in ultramafic bodies, as part or
all of small isolated
bodies ______________
as tabular masses in main
body . ____
in transition zone between talc-
carbonate rock and
ultramafic body -_.____
layering ____________________
minerals of steatite replace
minerals of blackwall
chlorite rock ________
Steatite and blackwall chlorite rock
association —_____ 44, 49,

11
65

10
12
55

43

44
41
50
42
41

67

66
62

62

19

18

18
42

50

67

Steatite and blackwall chlorite

rock association—Continued Page
age relationships to rodingite
and serpentine-chlorite
association . ___ 62
border all ultramafic bodies
where they contain
talcose rocks at
margins - 49
contemporaneity and genetic
relations of rocks in
the associations ____.__ 63, 66
graphite concentration at outer
margin 57
interdependent distribution
relations _—______.____. 49
separated by narrow zone of
tremolite rock __ 50, 54,62
width of zone bordering
amphibolite _____.___ 49
width of zone bordering schist __ 49
Steatitization ____ 36, 57, 59, 60, 62, 63, 82
Structural features, bedding
schistosity _-_ 7, 8,9, 44, 69,
70,71, 74
continuous schistosity ---- 7, 9, 10, 12
50, 70

dimensional orientation of
primary minerals in

dunite and peridotite _ 56,71

faults _ . _______ 62,68,70,76
folds ___ ——- 9,68,69,70,72,78
foliations . .______ 7, 8, 10, 25, 67
fracture cleavage ____.._._____ 70,73
inclusions 69
layering —___________ 9, 25, 56, 69, 71
lineations ___________________ 13, 14
septa . 9, 69
shear zones ________ 10, 13, 44, 45, 48,
62, 68, 69, 79, 82
slip cleavage __________ 7,8,9,12, 16,
17,70, 73,74
spaced schistosity —_.___ 7.8,9,11,12,
13, 17, 42, 50, 70
similarities in style and pattern kp!
transecting schistosity _ 8,16, 70, 73
Strueture ___ 67
Sulfarsenides ____________________ 36
in dunite and peridotite ______ 25
in serpentinite _______________ 26
in steatite, talc-carbonate, and
carbonate-quartz rock _ 43
intergrown with magnetite ____ 36, 56
primary minerals 34
Sulfides o __ 36
in amphibolite of Belvidere
Mountain Formation __ 10,11
in country roek ______________ 48, 55
in dunite and peridotite 25
in Hazens Notch rocks __ 8
in schist of Stowe Formation - 12
in serpentinite ______________ 26
in steatite, talc-carbonate, and
carbonate-quartz rocks 43
intergrown with magnetite ____ 36
primary minerals 34
Synelinal folds 68
Synelines  _______________________ 8, 69
T
Tale, chlorite replaced by tale in
blackwall zone ______ 67
in contact alteration zone _____ 19
in schistose serpentinite _______ 57
in steatite, talc-carbonate, and
carbonate-quartz
rocks . ______ 42, 48, 67
in transition zone between
steatite and blackwall
chlorite rock —________ 55
in tremolite rock —____________ 50



Tale-carbonate

Tale—Continued Page
near margins of ultramafic

bodies _____________ 57

pseudomorphic after asbestos _._ 56

serpentine replaced by tale in
steatite zone
rock
absence of talc-carbonate rock
between contact of
tremolite and chlorite
rocks with serpentinite
absence of serpentinized zone
between talc-carbonate
rock and dunite ______
concentric shells at margins of
ultramafic bodies
derivation from ultramafic
igneous rocks and
serpentinite _________
in ultramafic bodies, as part of
small isolated bodies __
as tabular, irregular or
lenticular masses in
main body
in transition zone between
serpentinite and
carbonate-quartz rock . 41, 59
metamorphic reaction with
dunite, serpentinite,

50

and country rock _____ 60, 61
replaced by steatite __________ 66
replaces serpentinite, dunite,
and peridotite _______ 60
zonal relation to carbonate-
quartz rock ______.____ 41
zoned replacement relation to
serpentinite _________ 59, 62
Tectonie transport __ . ___________ 56, 79
Texture, books of platy crystals ____ 53

botryoidal masses
bundles
cataclasis
cryptocrystalline ___
drusy aggregates ___

felted aggregates ______ 34, 38, 43, 49
fibrous . ______ 30, 31, 34, 37, 38, 39
flinty L ____ 48
“galvanized” ________________ 38
glomeroporphyroblasts ________ 12
granoblastic _________________ 8,12
granular mosaic _____________ 34, 35
incipient granulation in

amphibolite __________ 10
interlaced needles ____________ 50

interlocking mosaicx
lathlike minerals
lepidoblastic
mesh structure
micaceous

microscopic
mosaie ________________
phenoerystic
platy
poikiloblastic grains ___
polysynthetic twinning
porphyroblasts
pseadomorphs _______________
radial aggregates
recrystallization

schistose ____________________ 38, 42

INDEX

Texture—Continued Page
sheaves _____________________ 38
flamboyant __
VUZEY oo e
Thickness, Belvidere Mountain
Formation __________ 9
facies changes ___.___________ 7
Hazens Notch Formation ______ 8
Ottauquechee Formation __.____ 11
rodingite zone _______________ 45
Stowe Formation _____________ 12
tectonic thinning _____________ 7
Tourmaline, in metamorphosed
sedimentary and
volcanie rocks _______ 16,17
in schist of Belvidere Mountain
Formation __________ 10
Tremolite, asbestiform .__ 55
in chlorite rock ______________ 50
in contact-alteration zone _____ 19
in tremolite rock _____________ 50
replaces chlorite in tremolite
rock o _____ 53
replaces chlorite in blackwall
and talc in steatite ___ 67
Tremolite rock —_______.__________ 53
as part of small isolated
ultramafic bodies _.___ 19
intervenes between steatite and
blackwall ___________ 19
Tremolite rock and chlorite rock
association ___ 50, 62, 63, 67
age relations to other
rocks ___________ 62, 63, 67
chemical analysis of sample in
position of steatite
zone 55
chlorite in ___.________ 54
confined to amphibolite 62
mutually exclusive in occurrence
from rodingite and
serpentine-chlorite
rock association _.____ 56
Tremolite zone _____ 19, 42, 50, 54, 62, 66
Tremolitization __________________ 62
U
Ultramafic and associated rocks ____ 18
Ultramafic intrusive bodies ________ 68
emplacement ___.____________ 78
origin ___________ ___________ 77
v
Veinlets ________________________ 52
Veins, age relations _______ 56, 58, 59, 63

common orientation of some

minerals
composite _________
conjugate sets
crenellated partings
crosscutting pattern
distribution patterns
doubly convex lenses

¢n echelon gash veins _____ 11,12, 29
euhedral crystal form of some

minerals ____________ 66

fissure or fracture filling _ 33, 45, 57,

59, 66

fracture controlled ___________ 45

*U.S.

Veins—Continued
growth of fibers
injection of colloidal serpentine
intersecting pattern
layering
magmatic origin
matching irregularities in

opposite walls ___ 29,
merging pattern _._.__________
microscopic
multiple-fiber
offset
orientation, parallel to layering

in dunite and

peridotite
original seams
parting seams
planar form
relative direction of movement

of fissure
relation to serpentinization ____

replacement origin _ 29, 33, 57,
ribbon __ o ___
serpentinized zones at margins .
sheetlike ____________________

single fiber
successive episodes of filling __
tabular
unsheared
wedge form
zoned
Vesuvianite, alteration produet ____
in rodingite 48, 49, 50, 52,
in serpentine-chlorite rock __.__
replaced by chlorite in
rodingite
replaced by serpentine

Wallrock

Warped surfaces
White mica, in metamorphosed
sedimentary and

volcanic rocks _______

in rodingite and blackwall rock

in schist of Belvidere Mountain

Formation

X

X-ray diffraction studies, chrysotile

group P
graphite ___________ ——
lizardite ____________________
serpentine ___________________

Y
Younger folds ___________________
Younger schistosity ______________
Z

Zircon, clastic grains —____________
in Hazens Notch rocks ________
in metamorphosed sedimentary

rocks and volcanic
rocks . __________

Zoisite, in rodingite ___
in contact rocks

GOVERNMENT PRINTING OFFICE: 1978 O— 281-

57, 66

59, 66

29
67

18,17
55

10

39
16, 41

359/153














