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Granite has given rise, perhaps, to more dis-
cussion concerning its origin than any other

formation., We generally see it constituting

the fundamental rock, and however formed, we

know it is the deepest layer in the crust of

this globe to which man has penetrated. The

limit of man's knowledge in any subject pos-

sesses a high interest, which is perhaps in-

creased by its close neighborhood to the

realms of imagination.

Charles Darwin
December 30, 183L

Voyage of the Beagle
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ABSTRACT

New information on the origin of mantled gneiss domes comes
from a study of these structures in Central New England. The domes
have cores of massive granite and gneiss encircled by concordant
mantles of well-stratified metamorphic rocks, and appear to originate
through intense metamorphism of rock sequences in which massive,
chiefly quartzo-feldspathic rocks are overlain by less competent
strata. Contrary to previous hypotheses, the new work indicates that
neither unconformsble separation of the core and mantle nor re-
mobilization or anatexis of the core rocks are essential elements in
the formation of mantled gneiss domes. Two contrasting types of
gneiss domes have been identified in central New England.

Examples of the first type are domes of the Chester Dome group
in southeastern Vermont. Formation of these domes involved kyanite-
staurolite grade metamorphism of Precambrian gneissic basement over-
lain unconformably by Paleozoic strata. The angular relationships at
the unconformity have been obscured by differential movement of the
core-rocks relative to the mantling strata. The Precambrian rocks in
the cores of the Chester Dome and the nearby Green Mountain Anticlin-
orium have been badly disturbed by Paleozoic metamorphism, but
generally yield Precambrian zircon and Rb-Sr whole-rock ages.

The second type of gneiss dome is exemplified by the Mascoma

and Lebanon (Oliverian) Domes exposed about thirty miles to the east
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in central New Hampshire. No Precambrian rocks have been identified
in the cores of these domes. Fieldwork indicates that the core of
the Mascoma Dome can be subdivided into two major units: (1) massive
gneiss of intermediate igneous composition lying stratigraphically
beneath the Ordovician Ammonoosuc Volcanics, and (2) a sub-central
pluton of granite and quartz monzonite which crosscuts the massive
gneiss and probably the Ammonoosuc Volcanics, but which lies
unconformably beneath the Late Lower Silurian Clough Formation.
Within limits imposed by analytical uncertainty and the metamorphic
disturbance of the rocks, a common age of LLO % LO million years
(imitial Sr87/Sr86 = 0,706 £ 0.002) is determined for whole-rock
samples of the granitic sub-cores of the Lebanon and Mascoma Domes,
and for whole-rock samples of the Ammonoosuc Volcanics. Zircon
separates from both the gneissic and granitic units within the core
of the Mascoma Dome yield Pb207/Pb206 ages of LSO I 25 million years.
The data indicate that these domes formed in the following stages:
(1) Ordovician volcanism followed by intrusion of granitic rocks,

(2) uplift and local unroofing followed by depositiom of Lower
Silurian through Lower Devonian strata, and (3) garnet- to stauro-
lite-grade post-Lower Devonian metamorphism and deformation. Most of
the crosscutting relationships were established by Ordovician
plutonic activity and not by post-Lower Devonian plutonic activity or
anatexis. The core-rocks of these domes appear to be the result of
volcanic and intrusive activity towards the end of the Ordovician,

and not the result of in-place remobilization or anatexis of Pre-~
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cambrian basement subsequent to deposition of the mantling strata.
The other Oliverian Domes, particularly those in New Hampshire,
resemble the Mascoma Dome, and probably originated in much the

same manner,
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INTRODUCTION
The Oliverian Problem

Advances in geochronology have made it feasible to apply isoteo-
pic dating methods to the study of rocks which have been affected
by multiple periods of thermal disturbance. One of the most interest-
ing problems which can be studied with such techniques is the problem
of the origin of mantled gneiss domes. The prevailing theory of their
origin (Eskola, 1949) is that the domes have cores of older rocks that
have been remobilized or even partly melted during intense later defor-
mation. Field and geochronologic study by previous authors has shown
that many mantled gneiss domes have cores of older rocks strongly
affected by later disturbances. Other domes have yielded no evidence
for the presence of older core-rocks, but it has been uncertain
whether such rocks are absent or have had their geologic and isotopic
"clocks" completely reset by later disturbance. The Oliverian Domes
of New England were cited by Eskola (19L9) as typical mantled gneiss
domes and are well suited for further study of the mantled gneiss dome
problem.

The Oliverian Domes are exposed in a belt which coincides
approximately with the crest of the Bronson Hill Anticlinorium a few
miles east of the Comnecticut River. About twenty separate domes lie
en-echelon along this belt from Long Island Sound to northeastern
New Hampshire, a distance of about 250 miles. Each individual dome
consists of a core of granite and gneiss encircled concordantly by a
mantle of well-stratified metamorphic rocks. The core rocks of these

domes are igneous in composition and appearance and locally have been
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reported to cut across the mantling strata. Following Billings

(1937, p.502) most previous workers have interpreted all of the core
rocks as granitic rocks intruded during the Devonian (Acadian) orogeny.
Although a variety of intrusive mechanisms have been proposed, it has
always been difficult to explain why the Oliverian core rocks are
almost always in contact with a single unit of Ordovician metavolcanic
rocks (Ammonoosuc Volcanics) along the entire 250 mile belt of domes.
This is more the behavior- to be expected of an older rock unit lying
stratigraphically beneath the Ammonoosuc Volcanics and cropping out
in a series of domical anticlines. This view was taken by Eskola
(19L9) in his classical paper on the origin of mantled gneiss domes,
with the further suggestion that the rare crosscutting features were
the result of remobilization of the older rocks during intense later
metamorphism. Following the recognition of Precambrian rocks in the
core of the nearby Chester Dome, a number of geologists (eg. Robinson,
1963) have suggested that some of the Oliverian core rocks may be
Precambrian also. The difficulties of such an interpretation have
been stressed by Billings (1956, p. 123-125) who maintained that
evidence for the presence of remobilized rocks is lacking.

The core-rocks show a mixture of features characteristic of
intrusive rocks with other features characteristic of stratified rocks.
Attempts to explain all of the core-rocks as intrusive have failed to
account for the stratigraphic characteristics, and conversely. The
present author will attempt to show that the core-rocks can be sub-
divided in such a way that the intrusive and stratigraphic character-

istics can be separated and attributed to discrete rock units. The
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basis for this separation has been established by mapping in the Mas-
coma area east of Hanover, New Hampshire. In the Mascoma Dome most
of the core-rocks comprise a unit, the Holts Ledge Gneiss (new
stratigraphic name), which lies stratigraphically beneath the
Ammonoosuc Volcanics. Other core-rocks, the Mascoma Group, are
probably intrusive. They crosscut the Holts Ledge Gneiss and possibly
the Ammonoosuc Volcanics as well, but are older than the Clough
Formation and higher mantle-units. The other Oliverian Domes, par-
ticularly those in New Hampshire, contain similar rocks, and probabiy
originated in much the same manner as the Mascoma Dome. Age determin-
ations further show that none of the core-rocks are as old as Precam-
rian and indicate that remobilization or granitization during the
Acadian orogeny (the major period of deformation and metamorphism
recognized in the area) did not play a significant role in the forma-
tion of the domes studied.

The author suggests the term "Oliverian" should be discontinued
as the name of a rock unit. Billings (1937, p.501) applied the name
"Oliverian Plutonic Series" to all light-colored rocks of igneous
composition and appearance occurring beneath the Ammonoosuc Volcanics
in the cores of the Oliverian Domes. Further usage of this term is
inappropriate following the present author's conclusion that many of
the core rocks are not intrusive, and further work is needed to
determine to what extent the rocks of the dome belt constitute a
related rock series. It seems proper to retain the name to refer to

the "Oliverian Domes" or to the "Oliverian core-rocks'.
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rpose and Scope

The chief purpose of this research has been to apply geologic
and isotopic dating techniques to a study of the primary age relation-
ships among rocks associated with the Oliverian mantled gneiss domes.
Following a brief reconnaissance, the large Mascoma Dome east of
Hanover, New Hampshire (Figures 1 and 2), was selected for detailed
study. The Mascoma Dome is better exposed than most of the domes
further north and contains most of the characteristic Oliverian rock
types. Rocks in the area studied are less intensely metamorphosed
and deformed than in most appropriate areas further south. Because
the area contains one of two known localities where the Oliverian
core-rocks are in contact with units stratigraphically higher than
the Ammonoosuc Volcanics it seemed to be a suitable place to study
possible crosscutting relationships of the core-rocks. Rb-Sr and U-~Pb
age determinations have been made on mineral and whole-rock samples
from the core of the Mascoma Dome, and selected samples from the core
of the Lebanon Dome, several Highlandcroft plutons, and from the
Ammonoosuc Volcanics have been analyzed by the Rb-Sr method alone.

The author spent four summer months in 1964 and 1965 mapping
contacts in the northwestern quadrant of the Mascoma Dome at 1:10,000
scale., Additional field-time was spent collecting samples, studying
other domes, and examining the field evidence for critical geological
relationships reported by previous workers in the area. The units
mapped by previous geologists have been accepted with only slight

modification, but the findings require considerable revision
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of the age relationships among some of these units, and some units
previously accepted as intrusive are reinterpreted as stratified
formations. Previous workers have published thin-section modes,
and in some cases chemical analyses, of samples from these rock
units. References to these data are cited in Table 1 and Figure 12.
Contacts in the northern part of the Mascoma Dome were mapped
primarily on enlarged air photographs. Location on the densely wooded
hillsides was aided by use of traverse lines blazed with orange flag-
ging tape. The data were transferred to a planimetric base (Figures
3 and L) for publication. The topography on the Mascoma l5-minute
quadrangle published in 1929 is not sufficiently accurate at the
scale of the airphotos to justify its transfer to the detail maps,
but the reader should bear in mind that the relative positions of the
contacts of the more shallow-dipping strata are strongly influenced
by the topography. This effect rather than changes in the thickness
of the strata accounts for most of the variations in the width of the

mapped units.
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GEOLOGY OF THE MASCOMA DOME

The Mascoma Dome (Figure 2), like the other Oliverian Domes,
consists of a core of massive, light-colored gneiss and granite
encircled concordantly by a mantle of well-stratified metamorphic
rocks. The contrast between the core- and mantle-rocks is striking.
The core-rocks are competent and behaved as a buttress during defor-
mation. The author believes their structural behavior is chiefly
responsible for the structure of the domes, and that the less com-
petent mantle-rocks played an essentially passive role. Despite
middle- and high-grade regional metamorphism, stratification is
clear-cut in the mantle-rocks, but is weak or absent in the core-
rocks. The stratigraphy of the mantle-rocks has been traced most of
the length of the Cliverian Dome Belt, whereas the core-rocks are not
connected at the surface and it has not been possible to trace strati-
graphic elements from the core of one dome to the next. Datable
fossils occur in some of the mantle-rocks and most geologists agree
that the mantle-rocks originated through metamorphism of common
sedimentary and volcanic stratified rocks. There has been no corres-
ponding agreement regarding the origin of the core-rocks, for which
previous geologists have suggested various hypotheses including
igneous intrusion, metamorphism of older basement rocks, and remobil-
ization or granitization. There has not even been agreement as to
whether the core rocks are older or younger than the mantling strata.
Most previous geologists have interpreted the lower contact of the

Ammonoosuc Volcanics as a significant break, but have not agreed on



w2

its nature. This surface is considered to be the contact between the
core and the mantle of the gneiss dome, and the Ammonoosuc Volcanics
are considered to be the lowest unit of the mantle.

The core of the Mascoma Dome is a doubly-plunging asymmetric
anticline. The west flank is steep and locally overturned, but the
outward dip is more shallow on the other flanks. The lineation
shown on Figures 3 and L is produced by a nearly down-dip orientation
of the elongate mineral grains and aggregates., Foliation is generally
parallel to stratification, and is most strongly developed in the
stratified rocks. A weaker, but parallel, foliation is present in
the unstratified rocks, and is somewhat better developed near the
margins of the core than in the interior. Stretched quartz aggregates
in the Holts Ledge Gneiss and the Ammonoosuc Volcanics and stretched
quartzite cobbles in the Clough Formation suggest these units were
thinned during the folding and metamorphism. Minor folds are rare in
the core and lower parts of the mantle, but tight minor folds are
found in the Clough and younger formations (J. B. Thompson, Jr., oral
communication ). Several breaks in the Clough Formation are shown
in Figures 3 and L. The author believes these breaks were caused by
faulting, but they were not studied in detail. Around the Chester
Dome group in southeastern Vemmont (See Appendix L) reverse-sense
drag-folds, rotated garnets, and other structural features suggest
t hat the core gneiss rose differentially with respect to the mantling
strata (Thompson, 1950; Skehan, 1961; Rosenfeld, in preparation). No
features were found to suggest this occurred in the Mascoma Dome.

It appears to be a conventional anticline.
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Mantle-Units

The mantle includes all units flanking the Mascoma Dome which
lie stratigraphically above the base of the Ammonoosuc Volcanics.
Geologists generally agree that the mantle-rocks originated through
metamorphism (garnet- to sillimanite-grade in the Mascoma area) of
sedimentary and volcanic stratified rocks. The units (see Table 1)
have been described in considerable detail by previous workers, and
the present treatment is limited to discussion of particular features
of the lower units which are critical to the problem of the origin of
the domes.

Clough Formation

The Clough Formation was defined by Billings (1937, p. L8l-
L83) and has been described in the Mascoma area by Chapman (1939,

p. 137-139) and Hadley (1942, p. 129-130). In the Mascoma area Boucot
and Thompson (1963) have described well-preserved, highly-metamorphosed
fossils which indicate the Clough Formation is of late Lower Silurian
(Ch to Cé) age.

The basal part of the Clough Formation has been mapped in this
study to provide stratigraphic control above the Ammonoosuc Volcanics.
The most characteristic rock is metasedimentary quartzite occurring
in massive beds three to fifteen feet in thickness separated by thin
partings or thicker interbeds of muscovite schist. Some of the beds
are conglomeratic and contain abundant stretched quartzite cobbles.
The basal unit of the Clough Formation is locally quartz-muscovite-

garnet schist. Similar schist is interbedded with the quartzite
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nigher in the section. At a few places near the contact with the
Mascoma Group thin basal layers of the schist contain up to 50 percent
dark tourmaline, and above the contact with the Ammonoosuc Volcanics
the basal schist is commonly rich in chlorite.

Unconformity at the Base of the Clough Formation

The lower contact of the Clough Formation is a slight angular
unconformity. The unit rests in apparent depositional contact on
several of the underlying units (the Ammonoosuc Volcanics, the Mascoma
Group, and probably the Holts Ledge Gneiss; see Figures 3 and L).

The lower contact of the Clough Formation truncates a crosscutting
contact between rocks of the Mascoma Group and the Holts Ledge Gneiss
(Figure 3), and there is no evidence that any of the Clough Formation
is cut by the plutonic rocks. On Moose Mountain (Figure 3) the contact
between the Ammonoosuc Volcanics and the Holts Ledge Gneiss appears

to strike into the unconformity, although this relationship is not

seen precisely at the contact. A number of peculiar rocks just beneath
the Clough Formation suggest that the latter may have been deposited

on a weathered zone developed in the older rocks. Locally (eg. Local-
ity 3, Figure 3) the granite within a few feet of the contact with the
Clough Formation contains chalky feldspars and about 20 percent
muscovite. A possible explanation of this occurrence would be meta-
morphism of weathered granite which had been enriched in alumina by
preferential removal of silica. Micaceous dark schists occur sporad-
ically in the Ammonoosuc Volcanics in the first few feet beneath the

Clough Formation.
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Either an unconformity or a disconformity near the base of
the Silurian is common throughout New England (Albee, 1961, p. C53;
Billings, 1937; p. L83; Boucot, Field, Fletcher, Forbes, Naylor,
and Pavlides, 196L, p. 88-93; Doll, Cady, Thompson, and Billings,
1961; Eaton and Rosenfeld, 1960, p. 171). At several localities
besides the Mascoma area basal Silurian clastic units rest directly
on underlying plutons or contain locally-derived clasts of the plutonic
rocks (Albee and Boudette, in press; Pavlides, Mencher, Naylor, and
Boucot, 196L, p. C35).

Ammonoosuc Volcanics

The Ammonoosuc Volcanics were defined by Billings (1937, p. L75-
L80) who assigned to them an Ordovician age. His usage has been
followed substantially by most subsequent workers. The formation in
the Mascoma area has been described at some length by Chapman (1939,
p. 135-137) and Hadley (19L2, p. 127-128). In the area mapped, the
formation consists chiefly of layered epidote-bearing amphibolite
which probably originated from metamorphism of mafic pyroclastic and
extrusive volcanic rocks (Billings, 1937, p. L76). Some layers con-
tain abundant lenses of epidote which Robinson (1963) suggested origi-
nated as volcanic bombs. Gray and bluish-gray quartz phenocrysts are
common in many layers.

Sporadic felsite layers provide a measure of stratigraphic
control within the Ammonoosuc Volcanics. The felsite is a light-buff-
colored, plagioclase~quartz rock, commonly bearing streaks of iron
oxide which may represent stretched amygdules. Some felsite layers

contain gray or bluish-gray quartz crystals which may be phenocrysts.
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The felsite layers range in thickness from a few inches to several
feet and are interlayered with typical Ammonoosuc amphibolite. Simi-
lar felsite layers occur in nearby, less-metamorphosed exposures of
the Ammonoosuc Volcanics where Billings (1937, p. L476-U477) has argued
convincingly that they originated chiefly as tuff and tuff-breccia.
The parallelism of the felsite layers with the compositional layering
in the amphibolite suggests that they are primary stratigraphic
layers. The felsite is composed chiefly of millimeter-sized grains
of quartz and oligoclase with a granoblastic or weakly gneissic tex-
ture. This texture is the likely result of metamorphism of a fine-
grained volcanic rock., Mortar texture, the laminar texture charac-
teristic of mylonites, or other features which might suggest that the
felsite was produced by granulation of originally coarser rocks were
not observed.

A persistent zone of felsite averaging about twenty feet in
thickness has been traced about six miles along strike near the base
of the Ammonoosuc Volcanics (Figures 3 and L4). The presence of such
a marker horizon is important in the discussion of the concordance
of the contact between the core- and mantle-rocks. OSimilar felsite
horizons occur higher in the formation, but it has not proved possible
to trace them for long distances along-strike,

The Ammonoosuc Volcanics rest on two underlying units, the
Holts Ledge Gneiss and the Mascoma Group. On North Peak (Locality 5,
Figure 3) typical quartz monzonite of Mascoma Group is exposed within

five feet of typical Ammonoosuc eamphibolite. Elsewhere the contact
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is not sufficiently exposed to establish whether the Ammonoosuc
Volcanics are crosscut by the Mascoma Group. The contact of the
Ammonoosuc Volcanics with the Holts Ledge Gneiss appears concordant,
It is described later as the upper contact of the Holts Ledge Gneiss.
Figure 2 shows an area underlain by dark amphibolite lsbled
Oa (?). This was interpreted by Chapman as Ammonoosuc Volcanics,
but it is possible that the rocks are amphibolite layers within the

Holts Ledge Gneiss.
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Core-units

The origin of the core-units has long been problematical.
Following Billings (1937, p. 501) most geologists who have mapped the
Oliverian Domes have interpreted all of the core-rocks as intrusive,’
but this explanation has not proved entirely satisfactory. In
addition to those features which suggest an igneous origin, the core-
rocks show other features characteristic of stratified rocks. The
present author's mapping demonstrates that it is possible to sub-
divide the core-rocks of the Mascoma Dome into two major units. Both
of these units are igneous in composition, but only one of the units,
the Mascoma Group, unequivocally crosscuts other units. The other
unit, which is assigned the new stratigraphic name, Holts Ledge Gneiss,
is weakly stratified and has nowhere been observed to crosscut other
wits. In the discussion which follows, the author suggests that the
Holts Ledge Gneiss may have originated through metamorphism of a
sequence of intermediate volcanic rocks, whereas the rocks of the
Mascoma Group are probably intrusive.

Holts Ledge Gneiss

In the northern part of the Mascoma Dome the predominantly
mafic Ammonoosuc Volcanics give way down-section to a great thickness
of weskly-stratified gneiss of intermediate igneous composition which
constitutes much of the core-rock of the dome. The transition is not
abrupt as there is a zone about a hundred feet thick in which sporadic
layers of Ammonoosuc-type amphibolite alternate with layers of the

light-colored gneiss, and some of the layers of the gneiss are
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lithologically similar to some of the felsite layers in the
Ammonoosuc Volcanics. For the following reasons the author believes
the intermediate gneiss should be recognized as a distinct map-unit.
(1) The massive character of the gneiss and its structural position
require that it be considered part of the core-rock of the Mascoma
Dome, while it is logical to assign the better-stratified Ammonoosuc
Volcanics to the mantle. (2) Previous authors (Chapman, 1939;
Hadley, 1942) have argued that the gneiss is intrusive, and it is
therefore necessary to consider its origin separately from that of
the Ammonoosuc Volcanics. (3) The gneiss is lithologically and
texturally distinct from the granite and quartz monzonite which the
author assigns to the Mascoma Group. Page (19L0) included several
thousand feet of rock similar to the gneiss in the Ammonoosuc Volcanics
at the south end of the Owls Head Dome (Figure 1), but this practice
has not been followed by subsequent workers and is inconsistent with
the criteria discussed above.

The author assigns the new stratigraphic name, Holts Ledge
Gneiss, to the gneiss unit. The type area of the Holts Ledge Gneiss
is at Holts Ledge south of Lyme Center, New Hampshire (Mt. Cube
quadrangle). In the type area the exposed thickness of the unit is
about 2100 feet. The layers do not appear to have been structurally
duplicated and may have been tectonically thinned. The unit is in-
truded by rocks of the Mascoma Group, and a lower stratigraphic con-
tact was nowhere seen in the Mascoma area. The upper contact is

discussed in the following paragraphs.
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In the type area the author places the upper contact of the
Holts Ledge Gneiss at the surface below which the massive light-
colored gneiss constitutes more than fifty percent of the gross
section. A considerable length of this contact is exposed high on
the vertical cliffs at Holts Ledge. One exposure of the contact which
is more easily reached is indicated as Locality 2 on Figure L
(L3° L6.79t W3 72° 6,15' W), The following description is given to
aid in identifying the contact in the field. About ten feet above
the contact at Locality 2 is a natural terrace in the hill-slope.

The lower felsite zone near the base of the Ammonoosuc Volcanics is
exposed in the ledges which rise above this terrace. Between the
felsite and the contact is about 30 feet of fine-grained, dark
amphibolite. Below the contact amphibolite occurs only as sporadic
layers which constitute a minor part of the section.

In choosing the definition of the contact the author was
guided by the criteria discussed previously for establishing the
identity of the Holts Ledge Gneiss., The definition is consistent
with the criteria established by most previous geologists for dis-
tinguishing the core rocks of the Oliverian Domes from the Ammonoosuc
Volcanics. It assigns to the core most of the rocks which Chapman
(1939) and Hadley (1942) believed are intrusive, and retains their
usage of the Ammonoosuc Volcanics., One exception is on Moose Mountain
(near Locality 1, Figure 3) where the author includes in the Holts
Ledge Gneiss about one hundred feet of strata which Chapman (1939)

assigned to the Ammonoosuc Volcanics., The author's definition is
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consistent with criteria established by Robinson (1963) for recog-
nizing the base of the Ammonoosuc Volcanics in the Orange area,
Massachusetts,

The contact between the Holts Ledge Gneiss and the Ammonoosuc
Volcanics is parallel to the internal stratification of both units.
Figures 3 and L show that the gneiss maintains a constant strati-
graphic position relative to the felsite horizons near the base of
the Ammonoosuc Volcanics over the six mile stretch of the contact
which was studied in detail. Binocular observation of the contact
on the high cliffs at Holts Ledge likewise indicates the concordance
of the contact. Concordance on a finer scale could not be verified
where the contact is directly exposed due to lack of lamination in <the
Ammonoosuc amphibolite immediately above the contact.

The Holts Ledge Gneiss is weakly stratified. The gneiss is
made up of massive layers averaging three to ten feet in thickness
which are separated by discrete planes of discontinuity. Faint lamin-
ation is visible in some of the layers, but strongly banded gneiss is
absent. Adjacent layers commonly differ slightly in composition or
texture, The most common rock is massive, medium grained, light-col-
ored plagioclase-~quartz-biotite-epidote gneiss of intermediate igneous
composition. The biotite characteristically occurs in ovalpéhaped
aggregates about a centimeter across, which impart a distinctive
blotchy appearance to many exposed foliation surfaces. In the lower
part of the unit the differences between layers are mostly minor

variations in the relative abundance of aggregates of quartz crystals,
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the presence or absence of minor amounts of garnet, magnetite, or
muscovite, and the degree to which the biotite is aggregated. Rare
concordant amphibolite layers occur in the lower part of the unit.

The upper part of the Holts Ledge Gneiss is more heterogeneous.
The typical light-colored, plagioclase-quartz-biotite~epidote gneiss
with oval-shaped aggregates of biotite persits to near the top of
the section, but in the upper few hundred feet it is interlayered
with gneisses having more strongly variant lithology and texture.
A common variant is gneilss in which the biotite is less abundant
and more uniformly distributed throughout the rock, and in which some
surfaces parallel to the foliation are rich in hornblende laths with
preferred linear orientation. Some layers contain abundant disc-shaped
lenses of darker plagioclase-~-bilotite gneiss averaging about one foot
in greatest dimension. One layer has the texture and composition
of meta-rhyolite and several other felsite layers of undetermined
composition are present, The layers vary considerably in grain size
but the average is intermediate between the medium-grained gneisses
below and the fine-grained Ammonoosuc Volcanics above., Near the top
are several concordant layers of amphibolite similer to the Ammonoosuc
amphibolites, but which are overlain by rock typical of the Holts
Ledge Gneiss. At Holts Ledge one of these amphibolite layers about
five feet thick can be traced laterally for about two hundred feet.
The layer is precisely concordant, and is nowhere intruded by the
more typical Holts Ledge Gneiss.

The average composition of the Holts Ledge Gneiss changes fram
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quartz diorite high in the section to granodionite in the lower parts.
The change is not abrupt as there are sporadic interlayers having
granodionitic or even granitic composition even in the uppermost parts
of the unit. The change in composition is not correlated with any
change in the nature of the stratification or the general appearance
of the rocks and subdivision based on this change in composition would

be very difficult to map in the field.
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Mascoma Group

As discussed previously it is possible to distinguish from
the Holts Ledge Gneiss other core-rocks which are more massive, which
lack even the faint stratification noted in the gneiss, which are
lithologically distinct, and which occur in crosscutting bodies. These
unstratified rocks consist chiefly of quartz monzonite and granite,
together with minor amounts of quartz diorite, fine-grained granite,
and pegmatite, The name, Mascoma Group, is retained for these un-
stratified rocks, but is restricted from usage of Chapman (1939) and
Hadley (1942) to exclude the intermediate gneiss which the present
author assigns to the Holts Ledge Gneiss.

Most of the rocks of the Mascoma Group occur in a discrete,
oval-shaped pluton of quartz monzonite and granite which the author
calls the Mascoma Pluton. Most of the unit is porphyritic quartz
monzonite, containing microcline in irregular crystals up to one
centimeter across winich impart a cheracteristic appearance to the

rock., Plagioclase (An and most of the quartz occurs as an

25-30)
equigranular, medium-grained matrix. Some of the quartz occurs in
crushed aggregates, and the biotite and epidote are commonly also

in aggregates., Locally the rocks contain small magnetite octahedr a
or small red garnets. An unusual type of exsolution occurs in the
microcline. Albite (Ab97An30r<1) is exsolved in small 0.3 mm. patches
within nearby pure microcline (OrlOOAb<lAn<1). (The feldspar compo-

sitions were determined by microprobe analysis.) The crosshatch

microcline twinning is continuous through both phases.
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The granitic rocks of the Mascoma Pluton are massive and homo-
geneous on an outcrop scale, Modification of the primary texture of
the granite during deformation includes some crushing of the ground-
mass minerals and quartz aggregates and the development of a moderate
foliation which is strongest near the outer margins of the core.
Allowing for such modification, the rocks of the pluton bear a strong
resemblance to the massive granitic rocks of batholiths which are
believed to have crystallized at intermediate depths. They lack the
strongly foliated, streaked, veined, "juicy", or migmatitic apﬁearance
characteristic of deeper-seated granitic rocks, Sporadic veins of
aplite with sharp crosscutting contacts occur locally within the
pluton. The granitic rocks contain dark, elongate, plagioclase-
quartz-biotite inclusions oriented parallel to the foliation. These
inclusions are locally conspicuous but nowhere constitute as much
as one percent of the rock.

There is a continuous variation in the abundance of microcline
in the rock ranging from about twenty to fif'ty percent. The rocks
with the most microcline have the composition of granite and generally
contain less biotite and epidote than the quartz monzonite which con-
stitutes most of the pluton. The granite is concentrated near the
western margin of the pluton and was mapped separately by Chapman
(1939) and Hadley (1942; areas indicated by stippling in Figure 2).
The gradational nature of the variation within the Mascoma Pluton

contrasts with the sharpness of the outer contacts of the pluton.
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A minor portion of the Mascoma group consists of quartz-diorite,
fine-grained granite, and pegmatite. The quartz diorite contains
plagioclase, quartz, and biotite or hornblende. It is similar in
composition to rocks common in the Holts Ledge Gneiss and is easy to
recognize only where it occurs in bodies with crosscutting contacts as
on southern Moose Mountain (Figure 3). The fine-grained granites
have the same mineralogy as the medium-grained granites. Rare pegma-
tive veins contain large crystals of sodic plagioclase, microcline,
quartz, and biotite.

Contact Relationships of the Mascoma Group

In contrast to the gradational variations of composition within
the Mascoma Pluton,the body is separated from the Holts Ledge Gneiss,
the Ammonoosuc Volcanics, and the Clough Formation by contacts which
are sharp and readily traceable in the field. At several localities
typical rocks of the pluton are exposed within a few feet of the
other units, although the actual contacts were nowhere seen.

The granitic rocks of the Mascoma Pluton crosscut the Holts
Ledge Gneiss. At one locality on Moose Mountain (Figure 3) layering
ih the Holts Ledge Gneiss is truncated by the granitic rocks, and a
projecting sill of fine-grained quartz monzonite extends a short
distance between layers of the gneiss. Figure li shows that the
northern contact of the pluton cuts across the trend of probable
stratigraphic layering in the Holts Ledge Gneiss. The composition of
the Holts Ledge Gneiss is not noticeably altered near the contact with

the granitic rocks. Near Locality 1 (Figure 3) typical quartz monzonite
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is exposed about ten feet from amphibolite in the Holts Ledge Gneiss.
The amphibolite is cut by veins of quartz diorite, but does not appear
to be enriched in potassium minerals.,

The relationship between the rocks of the Mascoma Pluton and
the Ammonoosuc Volcanics is uncertain., At Locality 5 (Figure 3) typi-
cal quartz monzonite is exposed about five feet below Ammonoosuc
amphibolite. At Localities 5 and 6 (Figure 3) concordant layers of
gneiss measuring about 5 by 100 feet occur in the granite about 4O
feet below its contact with the Ammonoosuc Volcanics. The layers may
be slabs of Holts Ledge Gneiss or Ammonoosuc Volcanics included in
the quartz monzonite, or the overlying quartz monzonites may be sills,
Southwest of Locality 5 (Figure 3) there is only one exposure of the
persistent felsite horizon near the base of the Ammonoosuc Volcanics.
Sufficient exposures are lacking in this area to make it certain that
the felsite has been cut out by the quartz monzonite and granite. No-
where do the Ammonoosuc Volcanics appear to have been altered in com-
position or texture near the granite.

The contact between the Mascoma Pluton and the Clough Formation
is an angular unconformity. Chapman (1939) indicated that part of the
Clough Formation had been cut by a large bulge of the granitic rocks
at South Peak. Detailed mapping on an airphoto base shows that his
contact in this area was misplaced due to inaccuracies in the topography
on the 1927 edition of the Mascoma 15-minute quadrangle. The present
author has traced the basal layers of the Clough Formation along the

contact and there are no beds cut by the granitic rocks. The type
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exposure of Chapman's (1939, p. 168) "feldspathized Clough" (Locality
7; Figure 3) strongly resembles crushed, pyritized granite found in
shear zones elsewhere in the dome. The exposure lies well within the
granite about 100 feet below the lowest beds of the Clough Formation,
and is not definitely in place. Chapman's inference that this
material indicates the Clough Formation was feldspathized by the gra-
nite does not appear to be supportable.

Quartz diorite assigned to the Mascoma Group occurs in small
bodies which crosscut layering in the upper part of the Holts Ledge
Gneiss (see Figure 3). The rocks contain abundant, dark, biotite-
rich xenoliths, and the amphibolite layers adjacent to the bodies
are cut by intricate networks of quartz diorite veins. The quartz
diorite has nowhere been observed to crosscut amphibolite definitely
assigned to the Ammonoosuc Volcanics or to crosscut the granitic
rocks of the Mascoma Group. The pegmatites are not strongly foliated
and may be younger than the major periods of disturbance, but they

were not observed to crosscut the mantle-rocks.
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GEOLOGY OF RELATED ROCK UNITS
The Lebanon Dome

Rocks similar to those in the Mascoma Dome occur in the core
of the Lebanon Dome, whose center lies about 8 miles west of the
center of the Mascoma Dome. Like the Mascoma Dome, the Lebanon
Dome has a sub-core of medium-grained granitic rocks bordered by a
larger mass of granodioritic gneiss (Lyons, 1955, p. 118).. The
granitic rocks are similar in hand-specimen and thin-section to
those in the core of the Mascoma Dome., Microcline has the same
unusual type of perthite that was noted in microcline from the
Mascoma Group, and biotite is aggregated in a manner similar to that
in the Mascoma Group. The granitic rocks of the Lebanon Dome are
better foliated and better lineated than those in the Mascoma Dome
and appear to be somewhat more strongly deformed. The Lebanon Border
Gneiss which underlies most of the core of the dome ranges in compo-
sition from quartz diorite to granodiorite (Lyons, 1955, p. 118).
In composition and general appearance it is similar to the Holts
Ledge Gneiss. The Border Gneiss is rather poorly exposed and the
author has not studied it in sufficient detail to establish whether
it is stratified in the same manner as the Holts Ledge Gneiss. The
Lebanon Dome is mantled by feldspathic gneiss containing thin lentils
of chlorite and hormblende schist which Chapman (1939, pl. 1) assigned
to the Post Pond Volcanics. According to J. B. Thompson, Jr. (oral
communication, 196L) the Post Pond Volcanics have the same stratigraphic
position as the Ammonoosuc Volcanics. The contact relationships of the

Lebanon Dome were not studied in detail by the present author.
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Most previous geologists have correlated the core-rocks

of the Lebanon Dome with those of the other Oliverian Domes. The
granitic core-rocks of the Lebanon Dome strongly resemble those of
the Mascoma Group, and the author feels that the minor differences
may be due to somewhat greater deformation in the Lebanon Dome. The
stratified rocks in New Ingland show great persistence parallel to
strike but change rapidly perpendicular to strike. The author feels
that the mantle rocks of the Lebanon and Mascoma Domes are similar
in stratigraphic position and that most of the lithological differ-

ences are due to facies changes.
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Highlandcroft Series

Several plutons of the Highlandcroft Series (Billings, 1937,
P. L99-500) are exposed north and northwest of the Mascoma Dome. Lahee
(1913, p. 231-23L) and Billings (1937, p. 500) have argued that the
Highlandcroft Pluton west of Littleton, New Hampshire (see Figure 1)
is intrusive into the Ammonoosuc Volcanics but lies unconformably
beneath the Fitch Formation. The Lower Silurian Clough Formation
is absent beneath the Fitch Formation in the Littleton area. The
stratigraphic position of the Highlandcroft Pluton is therefore
similar to that of the Mascoma Pluton, although it has not been
possible to demonstrate whether the latter crosscuts the Ammonoosuc
Volcanics. The composition of the Highlandcroft Pluton ranges
from diorite and quartz diorite to quartz manzonite. Microcline
commonly occurs in anhedral crystals up to a centimeter across similar
to the phenocrysts (?) of the Mascoma Group. Bluish or gray quartz com-
monly occurs in elongate aggregates . The Highlandcroft rocks contein
up to seven percent chlorite whereas the rocks of the Mascoms Group
generally contaln none., This mineralogic difference may be due 1o
differences in the later metamorphic history of the rocks. The Fairlee
quartz monzonite (see Figure 1) was correlated with the Highlandcroft
Series by Hadley (1942, p. 136) chiefly on the basis of lithology.
Hadley (1942, p. 136) states that the Fairlee Pluton cuts the Albee
Formation which underlies the Ammonoosuc Volcanics. The lithology and
field relationships of these Highlandcroft rock-units suggest they
may be roughly correlative with the granitic rocks in the cores of

the Oliverian Domes and they were sampled for dating purposes.
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GEOCHRONOLOGICAL DATA
Whole-Rock Rb-Sr Determinations

Rb-Sr whole-rock determinations have been made on samples of
the core-rocks of several Oliverian Domes, the Ammonoosuc Volcanics,
and several plutons of the Highlandcroft Series. For Rb-Sr whole-
rock dating, suites of samples must be obtained which satisfy the
following conditions: (1) all of the rocks in the suite must have
formed during a single interval of time which is short compared
to their age; (2) at the time of their formation all of the rocks
must have incorporated cammon Sr of the same isotopic composition;
(3) subsequent to the time of formation, radiocactive decay must be
the only process acting to change the concentration of isotopes of
Rb and Sr in the samples (closed system assumption); and (L) there
must be a sufficient variation in the Rb/Sr ratios of the samples
to establish a spread of points when the data areplotted. If these
conditions are satisfied the data for the rocks will plot as a linear
array (an isochron) on the strontium evolution diagram (see discussion
by Lanphere, Wasserburg, Albee, and Tilton, 196k, p. 280-285). The
age of the suite corresponds to the slope of the array, and the
isotopic composition of common Sr incorporated at the time of formation
is given by the intercept of the array on the Sr87/Sr86 axis. If there
is not much variation in the Rb/Sr ratios of samples within a suite,
the data points cluster together and it is difficult to determine
accurately the slope and intercept of the line to be fitted through

them. If the samples have low Rb/Sr ratios, the buildup of radiogenic
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Sr with time is slight, andcorrections in the isotopic composition of
the initial Sr produce large uncertainties in the determined ages.
The effect of such uncertainties is less for samples with high Rb/Sr
ratios as the correction for common Sr is smaller,

Most of the rock units of interest in this study are only
marginally suitable for whole-rock dating. The Rb/Sr ratios are
relatively low and show little variation among the common rock-types
within the units. As the rocks are also relatively young, the enrich-
ment in radiogenic Sr is slight. OSr in typical samples is only 1 to 3
percent radiogenic anmd large errors are introduced by uncertainties
in the correction for common Sr., To improve the range of Rb/Sr ratios
it has been necessary to process samples of rock-types such as aplite
and fine-grained granite which are only minor constituents of the
units to which they are assigned. The geoclogic suitability of such
samples must be examined in each case, In what sense do they "belong"
to the units to which they are assigned? Are they cogenetic, and did
they incorporate common Sr of the same composition as the other rocks?
How did they react during disturbance?

The aplites studied appear to be integral parts of the granitic
cores of the Lebanon and Mascoma Domes, although the degree of meta-
morphism makes it difficult to prove this assertion. The metamorphism
would be particularly effective in effacing evidence such as chilled
contacts which might provide the most sensative indications of the
relative age of the aplite veins. The aplites are intimately

associated with the granites and probably formed during the later



ke

stages of the consolidation of the granites. No evidence was found
suggesting the aplites are significantly younger. They are foliated
to the same degree as the granites and were nowhere observed to
crosscut units younger than the units crosscut by the granites.

The fine-grained granites are less intimately related to the medium-
grained granitic rocks, but share the same foliation and have not
been observed to crosscut younger rocks. It is probable that any
errors introduced by basing the isochrons heavily on these minor
phases tend in the direction of lowering the apparent age of the
rock units. The aplites and fine-grained granites are probably
among the younger rocks in each unit, and some of the fine-grained
granites may have been emplaced significantly later than the enclos-
ing rocks. Disturbance during metamorphism could lower the apparent
age of such units if they tended to exchange their Sr with the much
less radiogenic Sr of the units in which they are embedded. The
small size of the aplite and fine-grained granite bodies enhances
the efficiency of this type of possible exchange.

The Rb-Sr analytical data are presented in Table 2. Analytical
techniques, and the precision and accuracy of the measurements are
discussed in Appendix 1., Descriptions of the samples are given in
Appendix 2. All Sr data have been normalized to (Sr86/Sr88) = 0,119L,
and the decsy constant,)\Rb87 = 1,39 x ZLO"llyear-1 has been used.

The well-known uncertainty in this decay constant does not affect the
intercomparison of the Rb-Sr data, but must be considered when the
ages are compared with U~Pb ages or discussed in terms of the geologic

time-scale., The errors assigned to the data are calculated from a
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2p 3-68 0.38 19.28 o0.02 a.zz/ g.0/8
Lo 12-54 33483 ?. 72 3.38 a.729 0.029 /406
AKr 2-65 725, 9 79.08 é. 60 0.738 0.0¢¥o /073
e v-66 /24,9 19. 34 G Y% 0.728 0.040 7038
V 4 /2- 69 /96.3 2.30 85. 32 /. 09/ 0.357 /0/8
é /-é5 49,2 /.56 s5Y.2 s 250 o.9Y3¢ 796
Moscoma Oome
Holts LecdreFneiss
Mudd - 7 & é-6s5 8,59 88z 1,76 a.7/3 0.007 627
Mascome Grovp
(Gremtic care )
HAQ - U/ & 2-é6 Y9, 9/ 38, // /. 30 Q. 7/2 0.00¢ 7385
pms-2 w. ‘) G-as v8.w  Y2.49 4.4 o.ve  0.012  /66s
(273 /-6é6 48.33 wQ 95 7./8 0.7/G a.ol/ 4442
MNQ -3 &y -85 48,75 576 3.09 a,.722 a.o0r9 /028
pcP =/ &y 7-és 26./2 2.87 674 a. 740 0.0%3 /078

SEE EXPLANATION AT ENO OF TARLE

Table 2, cont.
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RB- SR DATA, cownciruoen

o9r& R687 Srée a7 o7 (3) a7 rrv @
SANPLE PHASE  snatvieo /?__a’__“ '—9—6’- 'i’._’_‘_‘i/
//0-8ma/¢.f/.9rdﬂr) o e Sr o7 (/0”“‘)
Mo scome Dowia, conl.
Aloscoma Frovp, cont.
MTH =1 &y ¥-65 20.59 6.23 3.30 0. 7258 0.023 /1732
2-66 /02.3 2.07 v7. 45 a,. 909 0.217 896
é 2-66 /65.6 7.38 734, 6 /./88 o. Y0¥ gos
///ji/dnq/rro//
Plotomic Series
MHHNE =/ &r $-6s 45, 6o 9472.79 o, 95 a. 7/0 0.002 357
FSht -/ b £- 65 S7. 08 ’%. 76 2.9 a.728 0,027 276
~sp- 4 iy G-GS ¥8.87 /2.26 3. 99 a.732 0.033 /380
AMMMOO‘VG
Vol/<amics
2 b 7-6s 3.52 22./0 0. /6 a.709 g.o0a/ /479
Alr-2 i Gk G.89 9.03 .7 a.z7// o.008 279
Awr-& 12 é-é5 8.0/ .29 .25 9,709 a.00/ /99
ASH- 7 & 7-G§ 20.34 S99 3. %0 0.72¢6 0,025 1187
ASK -2 iy ’-66 22.60 .33 v.29 0.733 0.03% /3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>