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CONTRIBUTIONS TO ECONOMIC GEOLOGY

BEDROCK GEOLOGY AND ASBESTOS DEPOSITS OF THE
UPPER MISSISQUOI VALLEY AND VICINITY, VERMONT

By W. M. Capby, A. L. Auezeg, and A. H. CHIDESTER

ABSTRACT

The upper Missisquoi Valley and vicinity as described in this report covers an
area of about 250 square miles at the headwaters of the Missisquoi River in north-
central Vermont. About 90 percent of the area is forested and the remainder is
chiefly farm land.

The topography reflects the geologic structure and varied resistance of the bed-
rock to erosion. Most of the area is on the east limb of the Green Mountain
anticlinorium, which is the principal structural feature of Vermont. The bedrock
is predominantly sedimentary and volecanic rock that has been regionally metamor-
phosed. It was intruded before metamorphism by mafic and ultramafic igneous
rocks, and after metamorphism by felsic and mafic igneous rocks. The metamor-
phosed sedimentary and volecanic rocks range in age from Cambrian(?) to Middle
Silurian, the intrusive igneous rocks from probably Late Ordovician to probably
late Permian. Metamorphism and principal folding in the region occurred in
Middle Devonian time.

The metamorphosed sedimentary and voleanic rocks make up a section at least
25,000 feet thick and can be divided into nine formations. The Hazens Notch
formation of Cambrian(?) and Early Cambrian age is characterized by carbona-
ceous schist. It is succeeded in western parts of the area by the Jay Peak forma-
tion of Early Cambrian age, which is chiefly a schist that is distinguished by
the general absence of carbonaceous zones; in central parts of the area the Hazens
Notch formation is followed by the Belvidere Mountain amphibolite, probably the
youngest of the formations of Early Cambrian age. The Ottauquechee formation,
composed of carbonaceous phyllite and quartzite, and phyllitic graywacke, is of
Middle Cambrian age. The Stowe formation of Late Cambrian(?) and Early(?)
Ordovician age overlies the Ottauquechee and is predominantly noncarbonaceous
schist, though it also contains greenstone and carbonaceous schist and phyllite.
The Umbrella Hill formation of Middle Ordovician age is characteristically a
conglomerate in which the mineral chloritoid is common. The overlying More-
town formation, also of Middle Ordovician age, contains granulite and slate, also
greenstone and amphibolite of the Coburn Hill volcanic member. The Shaw
Mountain formation, made up of conglomerate, phyllite, and limestone, is the
oldest Silurian unit. The Shaw Mountain formation is succeeded by the North-
field slate of Middle Silurian age.

The igneous rocks of the region include various ultramafic plutonic rocks, such
as dunite, peridotite, and serpentinite, probably of Late Ordovician age; sills and
nearly concordant dikes of metagabbro of Late Ordovician age; biotite granite
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B-2 CONTRIBUTIONS TO ECONOMIC GEOLOGY

plutons or Middle or Late Devonian age, most notably on Eltey Mountain; and
hypabyssal lamprophyre, probably of late Permian age.

Metamorphic zoning is shown by the distribution of rocks of the epidote-amphi-
bolite facies and the greenschist facies in and near the Green Mountains, and near
Coburn Hill and Eltey Mountain. Metasomatism related to regional metamor-
phism has produced porphyroblasts and quartz segregations in the sedimentary
and volcanic rocks, and steatitization and carbonatization of serpentinite. Con-
tact metamorphism has formed rocks of the epidote-amphibolite facies near gran-
ite plutons, and probably calc-silicate rock at the contaets of ultramafic plutons.

The axial anticline of the Green Mountain anticlinorium and other anticlines
and synclines to the east are the major longitudinal structural features of the area.
These structures are complicated by transverse folds, particularly a syncline in the
vieinity of Tillotson Peak. Early minor cross folds that are best developed in the
Hazens Notch formation are believed to be genetically related to the transverse
folds. The axial planes of the cross folds are folded about the axes of the later
longitudinal folds of the Green Mountain anticlinorium. The longitudinal and
transverse fold systems probably formed in the same episode of deformation.
Original structural features are bedding, in the metamorphosed sedimentary and
voleanic rocks, and possibly layering, in the ultramafic intrusive rocks; secondary
features include folds, slip cleavage, fracture cleavage, fold layers, joints, faults,
shear zones, and shear polyhedrons, as well as foliation developed parallel to the
various primary and secondary planar features. Common linear features are
fold and crinkle axes, quartz rods, and elongated quartz lenses.

Asbestos has been mined from four quarries near Belvidere Mountain during
the past 75 years; present production is from the Lowell quarry and from the
C-area quarry. The principal physical exploration for asbestos in the upper
Missisquoi Valley area has been during the past 15 years.

Slip-fiber asbestos dispersed in schistose serpentinite forms the richest and
proportionately the most abundant type of ore in the Lowell Quarry and C-area
deposits. Veins of cross- and slip-fiber asbestos, associated with dunite or massive
serpentinite, are significant but commercially less important sources of fiber. In
the well-exposed quarry areas, the zones of schistose serpentinite are larger at and
near the borders of the ultramafic rock. In other areas, the margins of the ultra-
mafic plutons are largely covered by surficial deposits, but are inferred to be chiefly
schistose serpentinite. Most prospect pits are in outcrops of massive serpentinite
or dunite that expose veins of cross-fiber asbestos. The covered areas at the
margins of the bodies of ultramafic rock appear to be likely sites for future explo-
ration by diamond drilling,.

Tale is a potential, though unexploited, mineral resource of the upper Missisquoi
Valley area. Large amounts of talc in the form of tale-carbonate rock oceur in
a belt at least 4 miles long and from 100 to 1,500 feet wide in the town of Troy.

Other occurrences of economic mineral commodities include iron ore, which was
mined and smelted locally more than 100 years ago, chromite, and possibly copper.

INTRODUCTION

This report describes the geology and mineral resources of the
upper Missisquoi Valley and vicinity. The area mapped consists of
approximately 250 square miles and is immediately south of the inter-
national boundary with the province of Quebec, Canada (see fig. 1)
in and east of the Green Mountains in north-central Vermont. In-
cluded are parts of the areas of the Jay Peak, Irasburg, Hyde Park,
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FigUure 1.—Index map showing location of the upper
Missisquoi Valley and vicinity, Vermont.

and Hardwick 15-minute topographic quadrangle maps published by
the U.S. Geological Survey.

GEOGRAPHY

The north-trending ridge of the Green Mountains is the western
limit of the upper Missisquoi Valley. The Lowell Mountains make
up a relatively low ridge that trends northeast in the area southeast
of the upper Missisquoi Valley and Lake Eden. Between the two
mountain ranges are small ranges of hills and scattered isolated
mountains; the sharp peak of Mount Norris, and Hadley Mountain
to the west, are distinctive landmarks. Bear Mountain is 8 landmark
on the international boundary east of the upper Missisquoi Valley.
Altitudes range from 520 feet, where the upper Missisquoi River
crosses the international boundary near North Troy, to 3,870 feet at
the summit of Jay Peak, which is the highest of the Green Mountains
in the area.
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The upper Missisquoi River drains most of the area (pl. 1). It
flows northward through the central part of the area into Quebec,
thence westward across the northern extension of the Green Moun-
tains (Sutton Mountains). In its lower course the Missisquoi River
reenters Vermont about a quarter of a mile west of the northwest
corner of the area of the map, whence it flows westward to Lake
Champlain (fig. 1). 'The southernmost part of the area drains chiefly
to the southwest through Lake Eden and the Gihon River (pl. 1)
into the Lamoille River.

In addition to the main highways (State Routes 14, 58, 100, 101,
105, 105-A, and 118) networks of secondary roads are maintained in
all but the most mountainous terrains. The Long Trail of the Green
Mountain Club, and several trails that approach it, furnish access to
the summit ridge of the Green Mountains.

The Canadian Pacific Railroad serves the area with stations near
East Richford (Stevens Mills and Missisquoi stations) and at North
Troy and Newport Center. The St. Johnsbury and Lamoille County
Railroad provides freight service with stations at Hyde Park, Morris-
ville, and Johnson about 10 miles by hard-surfaced road south of the
area; Hyde Park and Morrisville are the shipping points for asbestos
fiber trucked from the Lowell-Eden area. The nearest municipal
airport is that of the city of Newport; this airport is about 3 miles east
of the area of the map and 8 miles by road southeast of Newport
Center. A port of entry from Canada for U.S. Customs and Immi-
gration is at North Troy; another port of entry is at East Richford.
Canadian ports of entry are maintained near East Richford, at High-
water, Quebec, north of North Troy, 1.5 miles northeast of North
Troy, and 0.8 mile east of the summit of Bear Mountain a little east
of the map area.

The principal industry of the upper Missisquoi Valley and vicinity
is dairy farming and related activity, including cheese making.
Asbestos mining is second in importance. The asbestos mine of the
Vermont Asbestos Mines Division of the Ruberoid Co. in the towns
of Lowell and Eden employs about 300 people and in 1961 shipped
approximately 85 percent of the asbestos mined in the United States.
The third most important industry is logging and woodworking,
notably the manufacture of plywood, lumber, and spinning bobbins.

PREVIOUS WORK

Geologic work in the area goes back more than 100 years, though the
first organized effort was that of the Hitchcock survey of the State of
Vermont (Hitchcock and others, 1861). The principal published
works since that survey have been those of Kemp (1901); Marsters
(1904, 1905, 1906) ; Richardson (1908, 1910, 1911, 1912); Richardson
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and Collister (1912); Richardson and Conway (1912); Keith and Bain
(1932); Bain (1932, 1936), and Albee (1957). One report of Richard-
son’s (1910) and the works of Keith and Bain, just cited, deal specifi-
cally with the asbestos deposits and associated ultramafic rocks.

Significant recent investigations in nearby areas are those of Doll
(1951) to the east, and of Ambrose (1942, 1943), Clark (1934, 1936a),
Clark and Fairbairn (1936), Cooke (1950, 1951), and Fairbairn (1933)
north of the international boundary in Quebec. These studies are
concerned with the general geologic relations rather than with the min-
eral deposits. Cooke (1937, p. 59-140), Dresser (1913), Dresser and
Denis (1944, p. 413-447), and Riordon (1954, 1955) have contributed
valuable discussions of the asbestos deposits and associated ultramafic
rocks in Quebec.

PRESENT INVESTIGATION

The geologic mapping was done during the period 1952-56, at scale
1: 24,000, on a topographic base map specially compiled by multiplex
methods; a narrow strip on the extreme east side of the map was re-
vised from the earlier Irasburg 15-minute quadrangle map. The total
time spent in fieldwork was 23 man-months. Cady and Albee made
the petrographic studies and compiled the final map, and Cady wrote
the report in consultation with Albee and Chidester.

The asbestos deposits and related ultramafic rocks in the vicinity of
Belvidere Mountain and the contacts of ultramafic rocks in certain
other small areas were mapped by plane-table methods. Some of
these data are included in the geologic map (pl. 1), but more will be
published at a larger scale in a future report on the geology and asbes-
tos deposits of the vicinity of Belvidere Mountain.
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studies in Vermont and adjacent Quebec, connected with the present
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GEOLOGY

GENERAL STATEMENT

The topography reflects not only the structural trends and varied
resistance to erosion of the bedrock, but also the effects of glaciation
upon the general area. The general pattern of stream dissection has
been slightly modified by glacial action. Continental glaciation has
rounded and striated the bedrock of the summit peaks. Deep cirques,
such as that between Jay Peak and Big Jay (pl. 1), indicate that
alpine glaciers occurred locally. Clay, silt, sand, and gravel that
have accumulated in the valleys and rocky glacial soil that is spread
over the mountain slopes contribute to the smooth features of the
land surface. Eskers at Lake Eden and south of Corez Pond in the
town of Eden are prominent depositional features. In several areas
surficial deposits (not mapped) are particularly extensive. Structure
symbols are absent or widely scattered for these areas (pl. 1).

Most of the area of this study is on the east limb of the Green
Mountain anticlinorium, whose crestline trends north-northeast across
the extreme northwestern part of the area. The Green Mountain
anticlinorium is the principal structural feature of Vermont and also
of adjacent Quebec, where it is referred to as the Sutton Mountain
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anticlinorium; it extends from the southern boundary of Vermont
north-northeast through the State for 160 miles and for about 150
miles into Quebec. The general eastward dip of the rocks in the east
limb of the anticlinorium is interrupted by rather large subsidiary
anticlines and synclines.

The area is mostly underlain by metasedimentary and metavolcanic
rocks ranging in age from Cambrian(?) to Middle Silurian. The
protoliths of the metasedimentary rocks were shale, graywacke,
quartz sandstone, probably some chert, quartz and shale pebble
conglomerate, and a little limestone; the protoliths of the metavolcanic
rocks probably were basalt flows and detritus eroded from the flows,
and rhyolite flows and tuffs. The metamorphic products are slate,
phyllite, schist, gneiss, phyllitic graywacke, granulite, quartzite,
quartzitic and phyllitic conglomerate, crystalline limestone, green-
stone, and amphibolite. The sedimentary and volcanic rocks were
intruded—before regional metamorphism—by dunite, peridotite, ser-
pentinite, and gabbro. These intrusive rocks were altered to
metagabbro, talc-carbonate rock, and steatite during regional meta-
morphism in Middle Devonian time. Most of the metamorphic
rocks are intruded by granite of Devonian age and lamprophyre prob-
ably as young as late Permian.

REGIONAL AGE CORRELATIONS

The rock units are shown on the geologic map and structure sections
(pl. 1). Their geologic ages and correlation with units in adjacent
areas are indicated on table 1. Certain of these age assignments
and correlations differ from published usage, as indicated in footnotes
4 to 7 of the table. These differences are discussed at length else-
where (Cady, 1960, p. 545-556, pl. 3).

The Hazens Notch and Jay Peak formations, named in this report,
and the Belvidere Mountain amphibolite are probably of Early
Cambrian age, since they are beneath and grade into the Ottauquechee
formation, which correlates stratigraphically (Cady, 1960, p. 548, 554;
Osberg, 1956, p. 1820) with fossiliferous Middle Cambrian strata
west of the Green Mountain anticliporium. They are parts of the
Camels Hump group (Albee, 1957; Cady, 1956), which in west-central
Vermont rests unconformably on Precambrian rocks and contains
formations of Cambrian(?) age.! The Stowe formation, lying between
the Middle Cambrian Ottauquechee formation and the Middle
Ordovician Umbrella Hill and Moretown formations, is assigned to

1 The basal unit of the Camels Hump group in west-central Vermont, the Pinnacle formation, is in a
section that is conformable with, but stratigraphically beneath, the fossiliferous Lower Cambrian in north-
western Vermont and nearby parts of Quebec (Booth, 1950, p. 1187; Clark, 1936b, p. 146). Such sections
are assigned an age of Cambrian (?) in the practice of the U.S. Geological Survey. Accordingly, the lower
part of the Camels Hump group is of Cambrian(?) age.
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the Late Cambrian(?) and Early(?) Ordovician because 1t is the
equivalent of the upper Mansonville slates of Clark (1934, p. 11)
in Quebec, which, in turn, correlate with strata of about the Late Cam-
brian to Early Ordovician time span west of the Green Mountain-
Sutton Mountain anticlinorium (Cady, 1960, p. 549, 559; Osberg,
1956). The Umbrella Hill formation is at least locally unconformable
on the Stowe and grades into the overlying Moretown formation;
therefore, it is assigned a Middle Ordovician age. The Moretown
is directly traceable into slates in Quebec that contain Middle Ordo-
vician fossils (Ambrose, 1942; Clark, 1934, p. 11; Cooke, 1950, p.
45-48). The Shaw Mountain and Northfield formations are assigned
a Silurian age because of their sequential and lithic similarity (Cady,
1960, p. 551, 555-556) to the Silurian Peasley Pond conglomerate and
Glenbrooke shale (Clark, 1936a, p. 33) in Quebec. Specifically, the
Shaw Mountain is of Early or Middle Silurian age and the Northfield
is Middle Silurian.

The ultramafic rocks and the metagabbro are assigned to the Ordo-
vician, inasmuch as neither is known to intrude strata younger than
Ordovician in the Green Mountain-Sutton Mountain anticlinorium of
northern Vermont and adjacent Quebec (Cady and Chidester, 1957).
Furthermore, pebbles of serpentinite from the ultramafic rocks are
reported in the Silurian Peasley Pond conglomerate in Quebec (Clark
and Fairbairn, 1936, p. 16). The Eltey Mountain granite, named
herein, is assigned to the Devonian and the lamprophyre to the late
Permian(?), in correspondence with age assignments of similar rocks
to the southeast in east-central Vermont (Liyons and others, 1957, p.
532-534, 538-542, 544; White and Billings, 1951, p. 662).2

Metamorphism and principal folding in the region took place in
Middle Devonian time (Billings, 1948, p. 52; Cady, 1945, p. 580; Cady,
1960, p. 563~564).2

METAMORPHOSED SEDIMENTARY AND VOLCANIC ROCKS

The most common type of metamorphosed sedimentary rock in the
area is quartz-sericite*-chlorite-albite schist. All gradations of com-
position are found between the schists, and rocks such as quartzite,
albite gneiss, and granulite, or sericite slate and phyllite, in which one
or two of the major constituents far outweigh the others. Estimated
modes of specimens of metamorphosed sedimentary rocks are shown
in table 2. The specimens chosen for modal analysis were selected

2 After this manuscript was prepared, revisions in the geologic time-scale, mainly expansion in the time
intervals, place correlatives of the lamprophyre that have been radiometrically dated in the Jurassic rather
than in the Permian. Comparable reductions in the minimum geologic age of the granites have resulted
(Holmes, 1960; Kulp, 1961),

3 Expansion of the time intervals of the geologic time scale has also reduced the minimmum geologic age of
metamorphism and folding in the region, as deduced from radiometric age measurements of schists and gra-
lll)itic rocks that transect folds. The result is that some of the metamorphism and folding may be as young as

ermian.

4 Sericite is used in this report to refer to fine-grained white mica, including muscovite, paragonite, and
possibly other minerals,
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from 166 thin sections (exclusive of conglomerate) in which the order
of abundance of contained minerals had been determined chiefly by
inspection. Specimens that most nearly approximate the median in
each common, geographically representative rock type were then
selected for analysis. The analyses were made using comparison
charts for visual estimation of percentage composition (Terry and
Chilingar, 1955) ; values for the most abundant constituent, commonly
quartz, are adjusted to attain totals of 100 percent. Segregations of
coarse quartz that were avoided in thin sectioning commonly make
up 10 to 20 percent of the schist, and lesser amounts in the gneiss and
phyllite, so the overall quartz content of these rocks is proportionately
greater than the modal estimates would indicate.

TaABLE 2.—Estimated modes of selected metamorphosed sedimentary rocks

1 2 3 4 5 6 7 8 9] 10| 11| 12| 13| 14

Limonite. oo e e ecemcee e ammee] Y oo} eae
Epidote.
Perthite.
Rutile.

Ezplanation

Hazens Notch formation:

1, Quartz-sericite-chlorite-albite schist (A A-2213) 3.0 miles N. 70° W. of village of Jay.
Jay Peak formation: )

2. Quartz-sericite-chlorite-albite schist (A A-1906) 1.0 mile S. 28° W, of Burnt Mountain, Montgomery.
Ottauquechee formation:

3, Carbonaceous phyllite (A Ch-54-405-A) 1.2 miles 8. 50° E. of street triangle at North Troy.

4, Cartiy%nac%ms qgartzite (ACh-54-213-A) 0.06 mile east of highway from Troy to North Troy, in bed

of Jay Branch,
5, Ql}l]qx%z-sericite-chloribe-phyllite (A Ch-54-282) 2.0 miles S. 10° W, of North Troy, a little east of the
1gOwWay.

6. Phyllitic graywacke (A C-1204) 1,35 miles S. 50° E. of street triangle at North Troy.
Stowe formation:

7. Sericite-quartz-chlorite-albite phyllite (A A-1083) 0.1 mile N, 45° W, of Eden Notch.

8. Carbonaceous quartz-sericite-chlorite schist (A C-1282) 2.5 miles 8. 65° E. of Eden Mills.

9. Phyllitic graywacke (AA-2153-A) 0.8 mile N. 50° E. of eastern summit of Leland Hill, Lowell,
Umbrella Hill formation:

Quartz-sericite-chloritoid slate (AA-1521) 1.7 miles 8. 65° E. of Eden Notch, near Eden-Lowell town

line.
Moretown formation:
11, Quartz-sericite-albite-chlorite granulite (ACh-54-383-B) 0.9 mile 8. 10° E. of Big Falls, Troy.
12, Qulznz-lslemitﬂte-chlorite slate (A.C-83) 1.45 miles S. 56° E. of road intersection (Routes 100 and 58) at
well village,
13, Sericitic and chloritic quartzite (A C-1248) 3.5 miles 8. 71° E. of Eden Mills.
Northfield slate:
14, Quartz-sericite slate (A C-1092-B) 1.15 miles 8. 22° W. of summit of Eltey Mountain, Irasburg.

Hornblende-epidote-albite amphibolite is the most common type
of metamorphosed volcanic rock in the area; actinolite-epidote-chlo-
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rite-albite greenstone occurs in zones less strongly affected by meta-
morphism. Estimated modes of selected specimens of metamorphosed
volcanic rock chosen from 72 thin sections are shown in table 3. The
five specimens selected for modal analysis were chosen and estimates
made in the same manner as typical specimens of the metamorphosed
sedimentary rocks.

TaBLE 3.—Estimated modes of selected metamorphosed volcanic rocks

1 2 3 4 5

Actinolite_..
Epidote-clinozoisite
Albite.- -

Hematite
Almandite. . oo eaeeee

Explanation
Hazens Notch formation:

1. Amphibolite (A A-1332) 1.0 mile west of Hazens Notch.
Belvidere Mountain amphibolite:

2. Amphibolite (AV-148) from septum at the northwest end of the ultramafic pluton, at Lowell Quarry.
Stowe formation:

8. Greenstone (ACh-54-276-E) 1.5 miles S. 25° E. of street triangle in North Troy.

Coburn Hill volcanic member of the Moretown formation:

4. Greenstone (AC-~1042) 0.7 mile N, 20° E, of Summit Siding on Canadian Pacific R. R., Newport.

5. Amphibolite (A C-1357-B) 0.25 mile northeast of Center Cemetery, Newport.

A principal distinguishing feature of the metamorphosed sedimen-
tary and volcanic rocks is their bedding, which reflects original differ-
ences in texture and composition of successive layers or groups of
layers as the result of sedimentary or volcanic stratification. The
degree of certainty with which layering can be correlated with bed-
ding depends upon contrasts in texture and composition and, to some
extent, upon the size of the units under consideration. Units of
conglomerate, quartzite, and limestone are probably most reliably
interpreted as beds; compositional layering within such units can gen-
erally be accepted as bedding if the deformation is not too great, if
the layers persist for more than about ten times their thickness, and
if there is reasonable agreement between the attitude of the finer lay-
ering and of the larger units. Greenstone and amphibolite units
within schist and gneiss generally seem to represent beds, but fine
layering within them is perhaps not as reliable. Generally, layers in
schist, gneiss, and granulite can be identified with certainty as parallel
to bedding only where interbeds of conglomerate, limestone, quartzite,
or greenstone are also present. Elsewhere the layering might be due to
segregation of metamorphic minerals parallel to bedding or to cleavage
that transects bedding. Graywacke is massive and shows little if any
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bedding even in its unmetamorphosed state; slate and phyllite may also
lack bedding, but where it does occur it shows as faint traces on planes
of cleavage or schistosity.

Three new stratigraphic units are introduced in this report. These
are the Hazens Notch formation, the Jay Peak formation, and the
Coburn Hill voleanic member of the Moretown formation. Typical
and characteristic sections of these units are located in some detail as
part of their introductory definitions.

HAZENS NOTCH FORMATION

The Hazens Notch formation is herein named for its exposure in
cliffs immediately north of Hazens Notch in the southwestern part of
the town of Westfield. It is chiefly interbedded carbonaceous and non-
carbonaceous quartz-sericite-albite-chlorite schist, which grades im-
perceptibly into less abundant gneiss of similar composition and
quartzite. Amphibolite occurs as interbedded tabular bodies, mostly
within the schist and gneiss. A more characteristic section is exposed
along or near Highway 105-A across the Green Mountains in the towns
of Troy and Jay. The lowest rocks in this section are at the axis of
the Green Mountain anticlinorium in the town of Jay, and the upper-
most are near the highway from Troy to North Troy, 6 miles to the
east. The apparent thickness 5 of the exposed part of the formation
is about 15,000 feet.

The Hazens Notch formation extends southward along its strike
into the Camels Hump group in the Hyde Park quadrangle (Albee,
1957), where it makes up most of this unit. There it is composed of
carbonaceous and noncarbonaceous quartz-sericite-albite-chlorite
gneis