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ABSTRACT

The shale-wacke sequence of south-central Maine is in the east flank of the Kearsarge-central Maine syn-
clinorium. The dominantly Silurian stratigraphy consists of a monotonous assemblage of metamorphosed wackes,
gray and green shales, thin-bedded limestones, and lenticular conglomerates. Sparse, local fossil data indicate
that this section accumulated in Ashgillian or earlier(?) through Pridolian(?) time. Six formations have been
defined: from oldest to youngest, these are the Hutchins Corner (new name), Waterville, Sangerville, Perry
Mountain, Smalls Falls, and Madrid Formations. Although these units overlie one another in the area of study,
when taken over a larger geographic area, they undoubtedly in part interfinger with each other. This strati-
graphic section is inferred to rest unconformably on the Nehumkeag Pond unit of the Cushing Formation.

Structural features include a pervasive schistosity, a second cleavage, various fold forms, and faults. The
youngest folds (F;) are upright and asymmetrical, and the second cleavage is parallel to their axial surfaces.
An earlier group of folds (F,) is also upright but mainly isoclinal. The pervasive foliation is parallel to the
axial surfaces of these folds. A still earlier set of recumbent and nearly isoclinal folds (F,) is postulated to
exist on the basis of limited minor structural features and on observations of upward and downward-facing
F, folds. Foliation associated with the early recumbent folds is mostly confused with the schistosity that is
parallel to the axial surfaces of F,. Late cleavage bands and boundinage are less prominent than the above
features.

The Messalonskee Lake thrust cuts across large F, folds, but is in turn folded by F,. Its easterly dip and
the relative ages of the formations involved suggest westward transport on this thrust. Two high-angle faults
are present within the area of study. These post-date F, and an associated metamorphic event.

Hypabyssal dikes and stocks of andesite and dacite intrude the Silurian section and postdate F,, but pre-
date F,. Plutons of granodiorite and granite also intrude all elements of the stratigraphy of the synclinorium.
Their radiometric ages range from approximately 395 to 360 Ma. At least the older plutons cut F,, but pre-
date F,.

The sedimentary rocks have been regionally metamorphosed to at least low greenschist facies either syn-
chronously or slightly after the development of F,. The hypabyssal dikes and stocks, and probably the older
plutons of granite and granodiorite, have been metamorphosed in a second event that is approximately coeval
with F;. This second metamorphic event ranges from chlorite zone in the north to sillimanite zone in the south
and accounts for most of the observed metamorphic features. ¥9Ar/3Ar closure ages for metamorphic minerals
suggest a Late Devonian age for the second metamorphic event. Chlorite pseudomorphs after cordierite and
biotite may be due to a third metamorphic event, possibly Carboniferous, whose intensity increases to the
southwest.

The Silurian shale-wacke section is interpreted to have prograded in an east-facing sedimentary prism with
provenance in a volcanic terrane to the west. Early folds (F,), thrusts, and upright isoclinal folds (F,) formed
after the deposition of Silurian and Lower Devonian (probably Emsian) rocks and before the intrusion of plu-
tons dated at approximately 395 Ma. The duration of the F, to F, deformational sequence was probably of
the order of 10 million years. The asymmetric folds (F;) deform hypabyssal rocks and at least the earlier plu-
tonic rocks and may be synchronous with the second metamorphic event. Intrusion of granodiorite and granite
continued until the end of the Devonian and into the Carboniferous.
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INTRODUCTION

The shale-wacke sequence in the east flank of the Kearsarge-
central Maine synclinorium of south-central Maine (Figs. | and
2) consists of a monotonous succession of wackes, shales, thin
shaly limestones, lenticular conglomerates, and their meta-
morphic equivalents. Repeated lithologic sequences that are not
time-equivalent, as well as structural complexities, serve to con-
fuse the geologic relationships. Furthermore, the rocks of south-
central Maine have been intruded by plutons, and much of the
terrane has been multiply metamorphosed.

The purpose of this paper is to present some of the results
of studies made over a twenty-five year period by the author.
The main focus is on the stratigraphic and structural relation-
ships, but because plutonism and metamorphism bear heavily
on solving the stratigraphic and structural problems, their rele-
vant aspects are also considered.

The area under consideration is located in south-central Maine
(Fig. 1) bounded approximately by latitude 44°15'N and longi-
tude 70°W, and latitude 45°N and longitude 69°15'W. It con-
sists of parts of eight 15-minute quadrangles.

This paper depends heavily on the work of other geologists
who have done detailed work in specific areas or on selected
topics within the area of study. Mapping credits for Figure 2
are given in Appendix 1. Among those who have provided valu-
able insights into the geology of the region through publication
and discussions are Allan Ludman, John Griffin, Kost
Pankiwskyj, William Berry, Arthur Hussey, Donald Newberg,
Robert Moench, David Wones, John Ferry, David Dallmeyer,
and David Stewart. An early draft of this paper benefited greatly
from reviews by Robert Moench and David Stewart. Subsequent
reviews by David Stewart, Daniel Milton, Allan Ludman, and
John Lyons further improved the paper.

" Early work in this region was supported by the Maine Geo-
logical Survey. More recent work has been under the auspices
of the U.S. Geological Survey.

STRATIGRAPHY
General Statement

The determination of the stratigraphic section has been a vex-
ing problem throughout the history of geologic work within the
region. An understanding of the stratigraphy is complicated by
isoclinal upright folds that turn the beds throughout the region
into a vertical position. Moreover, both normal and inverted
sections have been identified. Because of the structural com-
plications, outcrops containing critical facing directions must
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Figure 1. Index map for south-central Maine showing the 15’ quad-
rangles covered by this study. Quadrangles are identified by the fol-
lowing numbers: 1 = Anson, 2 = Skowhegan, 3 = Pittsfield, 4 =
Norridgewock, 5 = Waterville, 6 = Augusta, 7 = Vassalboro, and
8 = Liberty.

be sought at formational contacts; these constraints, along with
the paucity of outcrop, limit the number of stratigraphically rele-
vant observations (Fig. 2). Finally, although numerous fossil
collections have been made from the rocks of the region (Os-
berg, 1968, Griffin, 1973; Pankiwskyj et al., 1976; Ludman,
1977), the state of preservation of the fossil forms in many cases
limits their usefulness to unequivocally fix the age of the se-
quence.

The work of Osberg (1968), Pankiwskyj et al. (1976), and
Ludman (1976) forged the basis for an integrated stratigraphic
section for south-central Maine. Osberg (1980) suggested that

Figure 2. Geologic map of south-central Maine. Section X-Y is shown in Figure 13. 1 = Hartland pluton (360 £8 Ma), 2 =
Old Point pluton, 3 = Norridgewock pluton, 4 = David Pond pluton, 5 = Lord Hill pluton, 6 = Hallowell pluton (387 £11
Ma), 7 = Togus pluton (394 =8 Ma), and 8 = Three Mile Pond pluton (381 + 14 Ma). Locations of towns and cities indicated
by open circles: HY = Harmony, AT = Athens. H = Hartland, S = Skowhegan, C = Canaan, PT = Pittsficld, BS = Benton
Station, EB = East Benton, M = Mercer, W = Waterville, CH = China, HC = Hutchins Corner, NP = North Palermo,
CC = Carrs Corner, P = Palermo, MA = Manchester, A = Augusta, and SW = South Windsor.
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TABLE 1. STRATIGRAPHIC INTERPRETATIONS FOR SOUTH-CENTRAL MAINE. NAMES CURRENTLY IN USE ARE CAPITALIZED.

B (2 D
Age Osberg (1968) Ludman Pankiwskyj This paper
(1976) (1979)
Early Devonian(?) Vassalboro Formation Brighton Fall Brook MADRID
or Pridolian(?) Formation Formation FORMATION
Ludlovian Eddy Parkman Hill SMALLS FALLS
Formation Formation FORMATION
Wenlockian Eastern Anasagunticook PERRY MOUNTAIN
facies Formation and SANGERVILLE
of the Upper FORMATIONS
WATERVILLE WATERVILLE SANGERVILLE Upper (includes western
FORMATION FORMATION SANGERVILLE facies of Waterville,
FORMATION Mayflower Hill, and
part of Vassalboro
Formations)
WATERVILLE FORMATION
(= Anasagunticook
Formation)
Llandoverian Mayflower Hill Lower Lower HUTCHINS CORNER
and Formation SANGERVILLE SANGERVILLE FORMATION
Ashgillian(?) FORMATION FORMATION
Pre-Ashgillian(?) NEHUMKEAG POND
unit, CUSHING
FORMATION

the sequence at Waterville is partly equivalent to and partly un-
derlies the sequence that had been established near Skowhegan
by Ludman (1977) and Pankiwskyj (1979), and this relation-
ship was adopted for the new Bedrock Geologic Map of Maine
(Osberg et al., 1985). A historical comparison of stratigraphic
columns is presented in Table |, columns A, B, and C.

These stratigraphic relations are further modified in this paper
and presented as column D in Table 1. The stratigraphic posi-
tion of the Vassalboro Formation and its internal relationships
have never been satisfactorily studied or understood. Recent
observations by Newberg (1984, 1985) and by the author sug-
gest that the Vassalboro Formation includes rocks that can be
correlated lithologically with the Sangerville and Waterville For-
mations, as well as rocks older than the Waterville Formation.
As a consequence, the name, Vassalboro Formation, should be
abandoned. In this paper the rocks that lie beneath the Water-
ville Formation are called Hutchins Corner Formation (new
name).

In stratigraphic column D of Table 1, the Nehumkeag Pond
unit of the Cushing Formation (Newberg, 1984; Hussey, this
volume) is thought to be the oldest unit. It is interpreted to lie
unconformably beneath the Hutchins Corner Formation, and
to be pre-latest Ordovician in age. The Hutchins Corner For-
mation may be Llandoverian or older in age. The Waterville
and Sangerville Formations are Llandoverian to Wenlockian in
age. The Perry Mountain and Smalls Falls Formations are pos-
sibly latest Wenlockian to definite Ludlovian in age. The Madrid
Formation may be Pridolian in age.
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Critical facing evidence exposed at the “Great Eddy” in the
Kennebec River 0.8 km south of Skowhegan (Fig. 2) establishes
the stratigraphic relation between the Smalls Falls and the Per-
ry Mountain Formations. Cross-beds in quartzites of the Perry
Mountain Formation 1.5 m from the contact with the Smalls
Falls Formation indicate that the Smalls Falls Formation is the
younger unit. Because the formational contacts are fairly straight
and uncomplicated in this section, this observation sets the
stratigraphy for the entire section that includes the Sangerville,
Perry Mountain, Smalls Falls, and Madrid Formations. This
sequencing corroborates the section previously set for the same
formations in western Maine by Moench (in Osberg et al.,
1968).

Facing directions between the Sangerville and the Waterville
Formations located on Kennedy Drive, 1.1 km west of Mes-
salonskee Stream in Waterville (Fig. 2), determine the relation-
ship between the Sangerville and the Waterville Formations.
In this section black sulfidic phyllite a few tens of meters thick,
considered to be part of the Sangerville Formation, separates
wackes of the Sangerville Formation from the phyllites of the
Waterville Formation. Graded beds in this outcrop occur with-
in a meter of the contact between the wacke and black sulfidic
phyllite, indicating that the wackes of the Sangerville Forma-
tion are younger than the black sulfidic phyllite and the Water-
ville Formation. Similar observations may be made on Route
95, 1.5 km north of the Waterville exit (#34).

The stratigraphic relations within the Vassalboro Formation
(as formerly used) are as follows. A reexamination of facing
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relationships at the contact between the Waterville Formation
and former Vassalboro Formation (Fig. 2) has reaffirmed that
the rocks of the Vassalboro Formation are younger than the
Waterville Formation as was originally indicated (Osberg,
1968). A thin black sulfidic phyllite similar to that at the base
of the Sangerville Formation separates the former Vassalboro
Formation from the Waterville Formation, so that stratigraph-
ic symmetry exists east and west of the Waterville Formation.
These relationships indicate that the former Vassalboro Forma-
tion, including its type locality, are to be equated with the San-
gerville Formation. An eastern antiformal inlier of the
Waterville Formation is found east of China (Fig. 2), and the
Waterville Formation reemerges to the east in the east limb of
a synform. The rocks lying east of the Waterville Formation
have been placed in the Hutchins Corner Formation.

The age assignments are based on scattered fossil localities
that have been described from the area (Osberg, 1968; Griffin,
1973; Ludman, 1976; Pankiwskyj et al., 1976). The fossil col-
lections contain few genera, are fragmental and badly strained,
so that age determinations are difficult to make; therefore, many
of the age assignments are tenuous. Monograptids collected from
the Waterville Formation within the Stetson quadrangle have
a reported age of late Llandoverian to Wenlockian (Pankiwskyj
etal., 1976), and dendroid graptolites from Benton Station sug-
gest a Wenlockian age (Osberg, 1968). The Sangerville For-
mation contains graptolites that indicate late Llandoverian
through Wenlockian ages (Perkins, 1924; Osberg, 1968;
Pankiwskyj et al., 1976), but since the distinction between Llan-
doverian and Wenlockian graptolites is not always easy to make,
particularly on the basis of such fragmented fossils, and because
the underlying Waterville is thought to be Wenlockian, the San-
gerville is here assigned to the Wenlockian as well. The Smalls
Falls Formation of south-central Maine contains Ludlovian grap-
tolites (Pankiwskyj et al., 1976). The Perry Mountain, Madrid,
and Hutchins Corner Formations, and the Nehumkeag Pond unit
of the Cushing Formation are unfossiliferous.

The age of the Hutchins Corner Formation is uncertain. It
forms the basal part of an apparently conformable sequence con-
taining Silurian fossils, and it rests with sharp contact on rocks
that had a different metamorphic history and that may have an
Ordovician or older age. Regional relations suggest that the
Hutchins Corner Formation is latest Ordovician to Llandoveri-
an in age.

The age of the Nehumkeag Pond unit is Middle Ordovician
or older. This conclusion is based on the observation that the
Nehumkeag Pond unit contains a relict kyanite metamorphism
overprinted by an andalusite event, whereas the Hutchins Corner
Formation displays only andalusite metamorphism. In addition,
W. J. Olszewski (pers. commun., 1984) has obtained an Ordo-
vician Rb-Sr whole rock age from interlayered quartzofeld-
spathic gneisses and amphibolites located just south of the area
of this study. This age is similar to a Rb-Sr whole rock age
reported by Brookins and Hussey (1978) from the Cushing For-
mation near Portland. However, these ages may not reflect the
true age of these rocks, but rather may define the age of meta-

morphic recrystallization, so their real age may be considera-
bly older, possibly as old as Late Proterozoic.

The sequence described above, when considered over a larger
area, may involve facies relationships. Permissible relations are
depicted in Figure 3. Time-lines are shown horizontally, and
the position of fossil collections are shown by special symbol.
Both the Smalls Falls and Perry Mountain Formations are in-
terpreted to thin toward the east, and these formations are es-
sentially parallel to time-lines. The relationships between the
Rangeley-Sangerville-Greenvale Cove-Waterville Formations
are not well constrained. In Figure 3a the Rangeley and San-
gerville Formations are contiguous, and the Greenvale Cove
and Waterville Formations are equated. The Rangeley-
Sangerville Formations contact with the Greenvale Cove-
Waterville Formations transgresses time. These relationships
suggest the possibility that the Waterville Formation may climb
upward in time toward the east and coalesce with the Perry
Mountain Formation at the expense of the Sangerville Forma-
tion. In Figure 3b the Greenvale Cove and Waterville Forma-
tions are not equated; the Greenvale Cove Formation pinches
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Figure 3. Stratigraphic diagrams showing permissible facies relations
in south-central Maine. (a) Waterville Formation shown connected
through the Anasagunticook Formation to the Greenvale Cove For-
mation; Sangerville and Rangeley Formations are equated, and the
Quimby and Hutchins Corner Formations are equated. (b) Waterville
and the Anasagunticook Formations shown as a tongue, pinching out
toward the west, and the Greenvale Cove Formation as pinching out
toward the east. The Quimby. Hutchins Corner, Rangeley. and San-
gerville Formations are continuous. Dots show fossil control.
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out toward the east, and the Waterville Formation thins to a
feather edge toward the west. The Rangeley and Quimby For-
mations are proximal and the Sangerville and Hutchins Corner
Formations are more distal parts of a graywacke apron.

Nehumkeag Pond unit of the Cushing Formation

Katz (1917) designated rocks in the Casco Bay quadrangle
that he interpreted as having a plutonic origin as the Cushing
granodiorite. Hussey (1971), in mapping the Portland quadran-
gle, found that rocks which were in part continuous with the
Cushing granodiorite were interbedded with amphibolitic gneiss,
and he interpreted the sequence of feldspathic and amphibolitic
gneisses as having a volcaniclastic origin. Hussey (1971)
changed the name to Cushing Formation because the term
granodiorite no longer seemed appropriate and because of the
heterogeneous character of the unit. Similar rocks have been
traced into south-central Maine, and therefore, the name Cush-
ing Formation may be applicable in this section as well (see
Hussey, this volume). Perkins and Smith (1925) used the name
Knox gneiss for some of these same rocks, but clearly the Cush-
ing Formation has precedence. More recently, Newberg (1984)
has proposed that the Cushing Formation in south-central Maine
be divided into several units, among which is the Nehumkeag
Pond unit.

The Nehumkeag Pond unit is exposed along the southeast mar-
gin of the area of this study (Fig. 2). Its west contact may be
traced from the vicinity of South Windsor northeastward to
Palermo. The area of the map does not extend to its eastern
contact.

Little can be inferred about the thickness of the Nehumkeag
Pond unit. Its west contact is thought in part to be an unconfor-
mity and its east contact does not lie within the area of this study.
Newberg (1985) does not give a thickness.

No attempt has been made to decipher the internal stratigra-
phy of the Nehumkeag Pond unit in this report. Common lithol-
ogies include tan-weathered, quartzo-feldspathic gneissic schist
containing staurolite, garnet, and relict kyanite, rusty black sul-
fidic schist, white, lineated quartzite, calc-silicate granofels and
marble, and interlayered biotite-bearing amphibolite and
plagioclase-quartz-biotite gneiss and pegmatitic gneiss. All of
the sub-units within the Nehumkeag Pond unit have been
metamorphosed at middle grade.

Hutchins Corner Formation (new name)

The name Hutchins Corner Formation is used for rocks ly-
ing beneath the Waterville Formation and above the Nehum-
keag Pond unit and replaces the name Vassalboro Formation.
The type-locality of the Hutchins Corner Formation is in the
vicinity of Hutchins Corner (Fig. 2) in the Palermo quadran-
gle. Representative outcrops of the upper part of the Hutchins
Corner Formation may be observed for a distance of 1.6 km
south of Hutchins Corner along the road leading to North Paler-
mo and for a distance of 1.3 km along the road west of Hutch-
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ins Corner. The lower part of the Hutchins Corner Formation
may be observed in North Palermo and in the vicinity of Carrs
Corner (Fig. 2} in the Palermo quadrangle. A distinctive unit
of marble that separates the upper and lower parts of the for-
mation outcrops on a woods road 0.5 km west-southwest of
Carrs Corner.

The Hutchins Corner Formation underlies a tract that extends
northeasterly from the vicinity of South Windsor (Fig. 2). The
width of this tract is approximately 1.5 km at its south end and
5 km at its north end. In addition, rocks possibly assigned to
the Hutchins Corner Formation form a complex outlier (New-
berg, 1985) within the general outcrop of the Nehumkeag Pond
unit of the Cushing Formation.

The minimum breadth of outcrop of the Hutchins Corner For-
mation is approximately 1500 m; therefore, an appropriate thick-
ness could be on the order of 540 m after taking into
consideration the nature of folding.

The Hutchins Corner Formation is represented by slightly
rusty, gray to dark gray, variably bedded, calcareous and non-
calcareous wacke interbedded with less abundant packets of thin-
bedded phyllite and quartzite. A thin marble unit has been dis-
continuously mapped within the Hutchins Corner Formation in
the vicinity of North Palermo, and slabby sandstones east of
the marble are considered to be the basal beds of the formation.

Wackes and siltstone make up the bulk of the Hutchins Corner
Formation. These beds have thicknesses that range from 7 cm
to over 1 m. Most beds are ungraded and consist of fine sand
to coarse silt exhibiting a fine sedimentary lamination. The
wackes and sandstone at low grade contain clasts of subround-
ed to subangular quartz, plagioclase, and muscovite. At higher
metamorphic grades biotite, actinolite, garnet, zoisite, Ca-
amphibole, and diopside may be present.

Packets of thin-bedded phyllite and quartzite contain beds of
slightly micaceous quartzite 3 mm to 5 cm thick alternating with
quartz-muscovite-chlorite phyllite beds of approximately equal
thickness. Primary features are generally absent. Where
metamorphosed, muscovite, biotite, garnet, andalusite, and sil-
limanite may appear.

The thin discontinuously mapped marble unit (Fig. 2) con-
sists of light gray calcite marble and blue-gray, biotite- and
amphibole-bearing calcite marble. The unit is not more than
a few tens of meters thick. North of North Palermo it was once
quarried for agricultural lime.

The slabby sandstones consist of quartz-plagioclase-biotite-
muscovite granulite and biotite schist. The beds of granulite are
devoid of calcite or cale-silicate minerals in marked contrast
with the wackes higher in the formation. Beds of granulite range
from 2 cm to as much as 8 ¢cm in thickness; the biotite schist
forms selvages rarely greater than a few millimeters thick against
adjacent granulite.

The Hutchins Corner Formation is interpreted to lie uncon-
formably on the Nehumkeag Pond unit, although it is to be noted
that Newberg (1985) considered these relations differently. This
difference of interpretation hinges on the assigned stratigraph-
ic position of the basal beds of the Hutchins Corner Formation.
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Newberg (1985) interpreted these beds to be part of the Ne-
humkeag Pond unit, whereas in this paper they are considered
to be basal Hutchins Corner Formation. The contact between
the rocks in question and the Nehumkeag Pond unit is beauti-
fully exposed in a field 0.1 km south of Carrs Corner. Here
the contact between the two units is knife-sharp, and the Ne-
humkeag Pond unit contains relict kyanite metamorphism over-
printed by andalusite metamorphism, whereas the lower part
of the Hutchins Corner Formation contains only minerals con-
sistent with andalusite metamorphism.

The Hutchins Corner Formation has uncertain correlation with
rocks in northern Maine. To the south it may correlate with
at least part of the Berwick Formation.

Waterville Formation

Perkins and Smith (1925) named the rocks west of the Ken-
nebec River in the vicinity of Waterville (Fig. 2) as the Water-
ville shale. Osberg (1968) renamed this unit the Waterville
Formation, partly because of the diversity of included litholo-
gies, but also because the formation includes different mineral
assemblages at different metamorphic grades. Osberg (1968)
designated the thinly bedded quartz-mica schist and interbed-
ded quartzite as the eastern facies of the Waterville Formation
and certain wackes, phyllite, and limestone as the western fa-
cies. The western facies of the Waterville Formation now is
included in the Sangerville Formation (Osberg, 1980).

The Waterville Formation is exposed in a northeast-trending
belt that extends from the vicinity of Manchester to the vicinity
of Pittsfield (Fig. 2). The Waterville Formation is also exposed
in inliers south of Augusta and south of China. Eastern belts
of the Waterville Formation trend northeasterly west of Paler-
mo. Its maximum breadth of outcrop is about 14 km at the lati-
tude of Pittstield, and its minimum breadth of outcrop is south
of China, where it measures about 600 m.

The Waterville Formation is nearly homoclinal in the vicini-
ty of South China and near Palermo, so its thickness must be
on the order of 500 to 600 m as measured from its breadth of
outcrop. There are few constraints on its thickness to the west
because its lower contact is not exposed.

The dominant lithology of the Waterville Formation is thinly
bedded, quartz-mica phyllite and quartzite. Phyllitic beds al-
ternate with quartzitic beds, the thickness of the beds ranging
from | to 7 cm, with the phyllitic beds being slightly thicker.
The quartzite beds locally exhibit small, ill-defined cross-beds,
and in some outcrops the quartzite beds have a graded relation-
ship to the phyllitic beds. The phyllitic beds everywhere ex-
hibit an excellent schistosity which over most of the area is
essentially parallel to bedding. Chlorite, muscovite, biotite, gar-
net, staurolite, cordierite, andalusite, and sillimanite occur at
appropriate metamorphic grade.

A minor variant within the thin-bedded phyllite and quartz-
ite unit is rusty-weathered, sulfidic quartz-mica phyllite. This
consists of quartz with simple boundaries, muscovite with good
shape alignment, and abundant pyrrhotite. This lithology oc-

curs at various stratigraphic positions, and attempts to map some
of the larger units were unsuccessful.

A distinctive gray limestone member at about the middle of
the formation is from 30 to 100 m thick (Fig. 2). It characteristi-
cally is well bedded with 2 to 8 cm beds of limestone inter-
layered with less common beds of quartz-mica phyllite and
quartz phyllite, 5 mm to 5 cm thick. Generally, the limestone
beds are devoid of primary structure, but locally at low meta-
morphic grade they display cross-beds. Mg-biotite, Ca-
amphibole, garnet, and diopside appear at higher metamorphic
grades.

The thin beds of quartz-mica phyllite and quartz phyllite that
are interbedded with the limestone consist of fine-grained quartz,
muscovite, and/or chlorite. Many of these beds carry enough
pyrrhotite so they weather to a rusty brown. Little happens to
these beds with increase in metamorphic grade. Biotite becomes
abundant and sparse garnet is present.

The Waterville Formation is lithologically similar and prob-
ably equivalent to part of the Greenvale Cove Formation in
western Maine. To the north it is similar to the rocks of Island
Falls (Ekren and Frischknecht, 1967), but to the south possible
lithologic equivalents have not been identified. It may be in part
a time equivalent of the Sangerville Formation.

Sangerville Formation

Ludman and Griffin (1974) referred to wackes, conglomer-
ates, slates, and limestone in the Guilford and Kingsbury quad-
rangles immediately north of the area of this report as
Sangerville Formation. Rocks of the Sangerville Formation ex-
tend southwestward into the Skowhegan and Anson quadran-
gles (Ludman, 1977; Pankiwskyj, 1979). They also extend
through the Pittsfield quadrangle (Pankiwskyj et al., 1976) into
rocks that this author originally mapped as the western facies
of the Waterville Formation (Osberg, 1968). A reinterpreta-
tion of geologic relationships within the Sangerville Formation
and rocks previously mapped as the Mayflower Hill and Vas-
salboro Formations of Osberg (1968) suggests that these units
may be equated, and the older names dropped. It must be not-
ed, however, that rocks assigned to the Sangerville Formation
east of the Messalonskee Lake thrust (i.e., former Mayflower
Hill and former Vassalboro Formations of Osberg, 1968) do
not have stratigraphic continuity with rocks of the Sangerville
Formation located to the west of the thrust in south-central
Maine. Therefore, this assignment is somewhat tenuous. Both
sections contain similar gross lithologies and have similar ages,
but the eastern section does not contain limestone units and con-
glomerate is less abundant than in the western section. The
eastern section of the Sangerville Formation is here interpreted
as being more distal than the western section.

The belt of Sangerville Formation exposed in the Anson,
Skowhegan, and Norridgewock quadrangles (Fig. 2) is 11 km
wide at its northern end and about 14 km wide at its southern
end. A second belt, parallel to the first, trends southwesterly
through the central parts of the Pittsfield and Waterville quad-
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rangles and underlies the northwestern half of the Augusta quad-
rangle. The breadth of outcrop of this belt ranges from 2.5 km
in the Pittsfield quadrangle to 16 km in the Augusta quadran-
gle. Two outliers of the Sangerville Formation occur in the
Waterville quadrangle, and an eastern belt of Sangerville For-
mation extends from Augusta northeasterly to East Benton. This
eastern belt of Sangerville Formation has a breadth of outcrop
that varies from 5.5 to 7.5 km.

The thickness of the Sangerville Formation cannot be meas-
ured within the area of study, because a complete section through
the formation is not available. Ludman (1977) and Pankiwskyj
(1979) estimated thicknesses in excess of 2000 m in the Skowhe-
gan and Anson quadrangles, respectively.

The Sangerville Formation is represented mainly by wacke
intercalated with slate or phyllite. Polymictic conglomerate
forms several poorly defined lenses within the wacke sequence;
these are more abundant in the northwestern belt of the out-
crop than in the southeastern belt. Limestones are tentatively
placed in two units on the basis of map patterns and structural
interpretations of mesoscopic structures. One, near the upper
part of the formation, forms a useful mapping horizon within
the Currier Hill synform and to its east, and a second, the Patch
Mountain unit (Guidotti, 1965), is thought to be within the mid-
dle third of the Sangerville Formation. Rusty-weathered, black
sulfidic quartz-mica slate and phyllite occur discontinuously at
the base of the Sangerville Formation. Sparse, poorly defined
units of rusty-weathered, black quartz-mica phyllite also occur
locally throughout the formation, but none of these units has
been satisfactorily mapped.

Wacke and phyllite commonly occur as white or light gray,
slightly calcareous feldspathic wacke or quartz wacke and gray
quartz-mica phyllite or slate in beds 4 cm to 1.5 m thick. The
wacke contains subangular clasts of quartz, highly twinned sodic
plagioclase, sericitized alkali feldspar, broken and ragged flakes
of muscovite, and grains of slate and volcanic material. The
wacke generally displays fine sedimentary lamination. In many
outcrops the wacke and phyllite occur as distinct beds without
gradation, but at some exposures graded couplets are common
with proportions of wacke to phyllite ranging from 10:1 to 1:3.
Cross-bedding, climbing ripple sets, scour-and-fill features, con-
volute bedding, and load casts are present, particularly in the
low-grade part of the outcrop. Ellipsoidal calcareous concre-
tions occur at several horizons within the formation. Actino-
lite, calcic plagioclase, garnet, and zoisite appear at middle
grades of metamorphism, and diopside occurs at high grades.

The phyllite or slate that forms the upper part of the graded
couplets, or which is interbedded with the wacke, is gray or
greenish gray and contains fine-grained anhedral quartz, mus-
covite, and ragged chlorite. Rhombs of ferroan carbonate oc-
cur sporadically. Porphyroblastic andalusite, staurolite, and
garnet appear in the middle grade of metamorphism, and sil-
limanite is present at high grade.

Conglomerate occurs both as large unbedded lenses and as
layers 1-2 m thick interbedded with the wacke-phyllite assem-
blage. The clasts within polymictic conglomerates have a con-
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tinuous range of sizes from 3 cm to 2 mm. Ludman (1977) and
Pankiwskyj (1979) indicate that both monomineralic and poly-
mineralic fragments are present, including quartz, feldspar,
wacke, quartzite, chert, slate, felsic and mafic volcanics,
granite, granodiorite, and hypabyssal plutonic clasts. Dacitic
fragments are reported to be the most common (Pankiwskyj,
1979). The matrix consists of quartz, muscovite, and chlorite.

The Patch Mountain unit (Guidotti, 1965) is present at about
the middle of the Sangerville Formation. It consists of fine-
grained, blue-gray limestone and sandy limestone in beds 2 to
10 cm thick. Cross-bedding is common in the sandy limestone,
and load casts develop where the sandy limestone rests on slaty
units. Beds of graywacke, gray siltstone, and gray slate, 5 mm
to 4 cm thick, are interbedded with the limestone. With increase
in metamorphic grade the limestone recrystallizes to marble and
calc-silicate minerals develop at the expense of quartz, chlo-
rite, and calcite. The more siliceous interbeds become biotite-
rich schist.

The upper limestone unit near the stratigraphic top of the San-
gerville Formation is somewhat similar to the Patch Mountain
unit and, therefore, will not be described further. Subtle differ-
ences include a more shaly character and perhaps thicker bed-
ding style.

The basal unit of black phyllite and other occurrences of sul-
fidic phyllite occur in outcrops that are heavily coated with
limonite and jarosite. The rock is well foliated and is common-
ly crumpled by minor folds. Quartz, muscovite, chlorite, pyrite,
and graphite are the common constituents. At higher meta-
morphic grade the black sulfidic units contain Mg-rich biotite,
pyrrhotite, and locally andalusite or sillimanite.

The Sangerville Formation may be in part a facies equiva-
lent of the Waterville Formation (Osberg, 1968; Ludman et al.,
1972; Pankiwskyj et al., 1976). In outlying areas it is correlat-
ed with part of the Rangeley Formation of western Maine, the
Allsbury Formation in northern Maine, and possibly with part
of the Berwick Formation in southern Maine.

Perry Mountain Formation

The name Perry Mountain Formation is used in this report
to designate a thin unit that previous workers (Ludman, 1977;
Pankiwskyj, 1979) have either included in the upper part of the
Sangerville Formation or called Waterville Formation. This unit
has lithic and stratigraphic similarity to the Perry Mountain For-
mation as defined by Moench (in Osberg et al., 1968), although
it has not yet and possibly can never be traced into the type
Perry Mountain Formation of western Maine. The usage of
stratigraphic names adopted here is that of Osberg et al. (1985).

The Perry Mountain Formation is exposed in a thin band in
the flanks of the Currier Hill synform (Fig. 2). The Perry Moun-
tain Formation can be traced in a general way (ignoring inter-
ruptions by plutons) from the northwest corner of the Pittsfield
quadrangle southwest through Skowhegan and into the south-
western corner of the Norridgewock quadrangle, where it forms
a complicated pattern in the hinge of the Currier Hill synform
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(Fig. 2). From this hinge area it can be traced northeastward,
with interruptions by plutons, through the northwest part of the
Waterville quadrangle into the central part of the Pittsfield quad-
rangle.

The thickness of the Perry Mountain Formation is 50 to 100
m based on the minimum breadth of outcrop.

The Perry Mountain Formation contains lithic variants that
are similar to parts of the Perry Mountain Formation of Moench
(in Osberg et al., 1968). It consists of beds of quartzite from
1 to 8 c¢m thick alternating with beds of quartz-mica phyllite
from 1 to 3 ¢cm thick. The quartzite beds are thickest in the north-
west flank of the Currier Hill synform and toward the top of
the formation. Cross-lamination and convoluted features are
common in the thicker beds of quartzite. Sparse, lenticular
carbonate-rich pods, measuring up to 7 cm thick and 17 cm long,
occur in the upper part of the formation. The pelites of the Per-
ry Mountain Formation are sufficiently aluminous to produce
garnet, staurolite, andalusite, and sillimanite at higher meta-
morphic grades.

That part of the Perry Mountain Formation in the southeastern
limb of the Currier Hill synform has been correlated previous-
ly with the Waterville Formation (Pankiwskyj et al., 1976) on
the assumption that the two formations coalesce in the east limb
of the Currier Hill synform just north of this area of study. Lud-
man (1976) and Pankiwskyj et al. (1976) interpreted this rela-
tionship as a sedimentary facies, with the Sangerville Formation
thinning to a feather edge between the coalescing Waterville
and Perry Mountain Formations. The cutting out of lithic units
along the western boundary of the Waterville Formation,
however, argues for this contact being a thrust instead of a fa-
cies contact. This thrust, the Messalonskee Lake thrust, cuts
out the Sangerville Formation and juxtaposes the Waterville and
Perry Mountain Formations just north of this area of study.
These local relationships, however, do not necessarily invali-
date the concept of a regional facies as envisaged by Ludman
(1976) and Pankiwskyj et al. (1976) between the Waterville,
Sangerville, and Perry Mountain Formations (see Fig. 3).

The Perry Mountain Formation to the south is possibly cor-
relative with unit 2 of Eusden et al. (1984), formerly mapped
as upper Rindgemere Formation (Hussey, 1968; Eusden et al.,
1984) in southern Maine and adjacent New Hampshire.

Smalls Falls Formation

The Smalls Falls Formation includes generally rusty-
weathered, sulfidic, quartz-rich sandstones, pelites and uncom-
mon conglomerates overlying the Perry Mountain Formation
(Osberg et al., 1968). Pankiwskyj et al. (1976) used the name
Parkman Hill Formation for the same rocks, but in this paper
the usage of Osberg et al. (1985) is followed.

The Smalls Falls Formation forms a narrow outcrop, parallel
to that of the Perry Mountain Formation, outlining the Currier
Hill synform (Fig. 2) in the Pittsfield, Skowhegan, Waterville,
and Norridgewock quadrangles.

The thickness of the Smalls Falls Formation is approximate-

ly 900 m at its type locality (Osberg et al., 1968). Ludman
(1976) estimated its thickness in the west limb of the Currier
Hill synform to be from 300 to 900 m. Estimates of the thick-
ness of the Smalls Falls Formation in the east limb of the Cur-
rier Hill synform range between 100 and 200 m. These estimates
suggest that the Smalls Falls Formation thins from western
Maine toward the southeast.

In the west limb of the Currier Hill synform (Fig. 2) the
Smalls Falls Formation consists dominantly of rusty-weathered,
sulfidic quartz arenite interbedded with rusty, black sulfidic mica
phyllite, and in the east limb the dominant rock is rusty, black
sulfidic phyllite.

Dark gray to light gray sulfidic quartz arenite, quartz wacke
and quartz-rich siltstone occur as beds 10 cm to 2 m thick. All
are to some extent rusty-weathered. Most have been sufficient-
ly recrystallized so that the detrital character of the grains is
not obvious, although Pankiwskyj (1979) noted sparse, rusty,
quartz-bearing conglomerates.

The rusty-weathered, black, sulfidic mica phyllite is the
dominant lithology of the Smalls Falls Formation. Most out-
crops are heavily coated with limonite and jarosite, so that
primary features are difficult to detect, but in some well-washed
stream outcrops lamination can be observed. Andalusite and sil-
limanite in the phyllites appear at middle and high grades,
respectively. A crumpled schistosity is common in these phyl-
lites.

Pankiwskyj et al. (1976) correlated the Smalls Falls Forma-
tion with the discontinuous sulfidic phyllite at the bottom of the
Sangerville Formation. This correlation was undoubtedly based
on the assumption that the Perry Mountain and Waterville For-
mations are equivalent, an assumption now thought to be in er-
ror (see previous discussion).

Regionally, correlatives of the Smalls Falls Formation in
northern Maine have not been separately mapped. To the south
it may be equivalent to unit 3 of Eusden et al. (1984), and it
is presumed to correlate with the Francestown Formation in New
Hampshire (Robinson, 1981; Hatch et al., 1983).

Madrid Formation

The name Madrid Formation was established by Moench (in
Osberg et al., 1968) for generally massively bedded wackes and
minor pelite in western Maine. The type section is in the vil-
lage of Madrid in the Phillips quadrangle. Rocks assigned to
the Madrid Formation in south-central Maine cannot be traced
into the type section because of intervening faults, but their lithic
and stratigraphic similarity warrants the use of the name.
Pankiwskyj et al. (1976) used the name Fall Brook Formation
for these rocks, and Ludman (1976) used the names Brighton
Quartzite and Brighton Formation for the same rocks.

The Madrid Formation is exposed in the core of the Currier
Hill synform (Fig. 2). This outcrop extends with interruptions
by plutons from the north-central part of the Pittsfield quad-
rangle southwestward through the Skowhegan and the Water-
ville quadrangles into the Norridgewock quadrangle.
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No thickness can be estimated for the Madrid Formation as
its upper contact is not exposed in the area of this study.
Pankiwskyj (1979) states that its thickness is about 1000 m in
the Anson quadrangle, whereas Moench (in Osberg et al., 1968)
estimated a thickness of about 300 m in western Maine.

The Madrid Formation generally consists of thickly bedded,
slightly calcareous quartz wacke interbedded with substantial-
ly less abundant gray phyllite. Beds of quartz wacke have thick-
nesses that range from 15 cm to 4 m, and beds of phyllite are
commonly 3 to 15 cm thick. Beds are commonly ungraded but
contain thin sedimentary laminations. Locally, wacke grades
into phyllite through thin interlaminations of siltstone and phyl-
lite with the proportion of phyllite increasing in each lamina-
tion toward the top of the bed. Cross-lamination is conspicuous
in some beds and ellipsoidal, calcareous concretions are local-
ly common. With increase in metamorphic grade biotite,
plagioclase, clinozoisite, garnet, actinolite, and diopside may
be present.

Gray phyllite that is interbedded with the wacke consists of
quartz, plagioclase, muscovite, chlorite and a trace of ferroan
carbonate. Grain size is uniformly fine, ranging from 0.01 to
0.03 mm. The muscovite and chlorite have good alignment and
define a generally excellent schistosity. This rock is fairly in-
sensitive to metamorphic reconstitution.

The thickly bedded character of the Madrid Formation is lo-
cally broken by packets of thinly bedded quartz-rich siltstone
and greenish gray phyllite, up to a few meters thick. Thick-
nesses of individual beds within these packets range from 1 to
perhaps 10 cm. The beds within these packets at some places
are graded from siltstone into phyllite, but more commonly the
beds have sharp contacts at both top and bottom of the siltstone
beds with adjacent phyllite. Locally, the siltstones exhibit
sedimentary lamination and cross-bedding. At higher grades bi-
otite and local garnet may be present.

The Madrid Formation may correlate to the north with the
Jemtland Formation in the Presque Isle area (Roy and Mench-
er, 1976). It is possibly equivalent to the Warner Formation
in New Hampshire (Robinson, 1981).

HYPABYSSAL AND PLUTONIC ROCKS
Hypabyssal Rocks

The oldest hypabyssal rocks recognized in south-central Maine
are metamorphosed andesites and possibly dacites. Dikes of
these hypabyssal rocks have been observed in the Waterville,
Burnham, Pittsfield, and Stetson quadrangles, and Ludman
(1977) has described small stocks containing metamorphosed
andesite in the Skowhegan quadrangle (Fig. 2). The dikes are
less than 1 to 3.5 m thick and of unknown length. Most are
nearly parallel to bedding in the limbs of isoclinal folds, although
at a few localities they cut bedding at a high angle. All con-
tacts, where examined in detail, have local crosscutting rela-
tionships with the enclosing stratified rocks. These dikes cut
across isoclinal folds (F,) and are folded by small asymmetric
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folds (F;). They also display cleavage that parallels the axial
surfaces of F; and are locally boudinaged.

The hypabyssal dikes and stocks are metamorphosed to
plagioclase granofels, the texture and mineralogy of which
varies with the grade of metamorphism. Ludman (1977)
described a metamorphosed andesite from the central part of
the Skowhegan quadrangle. It consists of plagioclase, antigorite,
chlorite, and calcite. Plagioclase (Anss) is the major constituent
and occurs both as relict phenocrysts and in the groundmass.
Pseudomorphs of amphibole by calcite and antigorite have well
defined shapes. The matrix consists of calcite and chlorite in
addition to plagioclase. Osberg (1968) has described somewhat
similar rocks, but with a more extensive metamorphic fabric
from the vicinity of Waterville (Fig. 2).

The age of the plagioclase-rich granofels dikes and stocks is
probably Early Devonian. In south-central Maine they intrude
rocks as young as Wenlockian and postdate isoclinal folds. The
isoclinal folds deform rocks possibly as young as Siegenian north
of this area of study. Thus, these dikes and small stocks must
be younger than Siegenian. They are metamorphosed by an
event that Dallmeyer (1979) suggests is coeval with the emplace-
ment of the Hartland pluton, which is placed at 360 +8 Ma
(Dallmeyer et al., 1982).

A few basaltic dikes have been observed in the area of study.
These truncate all of the rocks of sedimentary origin, but their
relationship to the plutons is unknown. They have widths up
to a meter and lengths measured in several tens of meters. They
have chilled margins and most have well developed cross joints.
Although fine-grained, they exhibit ophitic texture with laths
of calcic plagioclase enclosed in augite. Chloritic patches may
represent pseudomorphs after olivine (Ludman, 1977). The in-
trusion of these rocks postdates the metamorphic aureole of the
Hartland pluton, and, therefore, their age is younger than
360 +8 Ma. They could be as young as Mesozoic.

Plutonic Rocks

Slightly foliated granodiorite is exposed in the Hartland plu-
ton in the Skowhegan quadrangle, in the Norridgewock pluton
in the Norridgewock quadrangle, and in the Three Mile Pond
pluton in the Vassalboro quadrangle (Fig. 2). Although these
plutons are not homogeneous texturally or mineralogically, they
are essentially composed of medium- to coarse-grained,
inequigranular-seriate granodiorite. The margins of the plutons
tend to be better foliated than the more central parts. Dioritic
phases are associated with the Three Mile Pond pluton, and Lud-
man (1977) reports that the Hartland pluton locally carries
muscovite-bearing phases at its margin.

The granodiorite contains plagioclase, quartz, microcline, bi-
otite, and locally hornblende and/or garnet. Chlorite appears
as a common alteration product of biotite. The preferred orien-
tation of biotite produces a weak to strong foliation in these
rocks. Plagioclase, showing polysynthetic twinning, and
microcline, showing microcline twinning and perthitic inter-
growths, occur as grains 0.6 to 1.6 mm in size. Myrmekitic
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intergrowths are present where plagioclase and microcline are
in contact. The abundance of hornblende varies from 0 to 3%.

The texture in the Three Mile Pond pluton differs subtly from
the Norridgewock and Hartland plutons. It contains microcline
with a greater extent of perthitic intergrowth, particularly near
its margins, and the development of mortar texture.

The granodioritic plutons intrude all of the stratigraphic sec-
tion exposed in south-central Maine. All cut F,. Dallmeyer and
Van Breeman (1981) have defined a whole rock Rb/Sr isochron
age of 381 +14 Ma for the Three Mile Pond pluton, and
Dallmeyer et al. (1982) have defined a whole rock Rb/Sr
isochron age of 360 =8 Ma for the Hartland pluton. The other
plutens of granodiorite have not been dated.

Muscovite-bearing granite occurs in the Old Point pluton
(Pankiwskyj, 1979) at the south margin of the Anson quadran-
gle, in the David Pond and Lord Hill plutons in the southwestern
corner of the Norridgewock quadrangle, in the Hallowell plu-
ton and associated bodies (Barker, 1961), and in the Togus plu-
ton and associated stocks (Fig. 2). Equigranular binary granite
is common to the Old Point, Lord Hill, Hallowell, and Togus
plutons, whereas the David Pond pluton contains binary granite
in which the muscovite occurs in large diamond-shaped books.

The binary granite is equigranular to inequigranular-seriate,
with a grain size that ranges from 0.3 to 1.4 mm. Oligoclase,
microcline, and quartz form interlocking grains. The plagioclase
tends to exhibit subhedral form and to occur as the largest crys-
tals in the rocks. Microcline forms equant grains with irregu-
lar margins; it contains patch perthite intergrowths. The
feldspars have a strong mortar fabric in the Hallowell and To-
gus plutons. Quartz occurs as anhedral grains. Muscovite and
biotite are subhedral and have a faintly developed preferred
orientation. Chlorite is a common alteration product of biotite,
and many of the plagioclase crystals are saussuritized. Garnet
is a common accessory.

The binary granite near Togus is younger than the granodi-
orite, as the Togus pluton contains inclusions of granodiorite.
Plutons of binary granite intrude the Silurian sedimentary sec-
tion, transect F,, and contain inclusions of country rock that
are cut by thin dikes of binary granite that are folded and cleaved
by F;. Dallmeyer and Van Breeman (1981) have published
whole rock Rb/Sr isochron dates for the Hallowell and Togus
plutons of 387 11 Ma and 394 +£8 Ma, respectively.

STRUCTURAL GEOLOGY
General Statement

Prominent structural features in south-central Maine include
schistosity and cleavage, various groups of folds, and faults.
These features occur at various scales, from a few millimeters
in size, seen in thin sections as crumples and off-sets in folia-
tion, through outcrop-sized features, to those measured in tens
of kilometers. These features have a diversity of orientations.

Three ages of structural features have been recognized: late
asymmetrical folds (F) and associated features; upright, most-

ly isoclinal folds (F,) and associated features; and early recum-
bent, isoclinal folds (F,) and associated structures. Late
cleavage bands and boudinage are less prominent, and the limit-
ed observations of them preclude any valid analysis of these
features.

In addition, a pre-F, thrust, the Messalonskee Lake thrust,
has been identified. Two high-angle faults postdate major duc-
tile deformation.

F; and Associated Structural Features

More-or-less open, asymmetrical folds are widely distribut-
ed in south-central Maine. These folds deform bedding,
schistosity, and early cleavages. In general, their sizes are meas-
ured in the range of 10 to 20 cm and they are sufficiently small
that they do not control the distribution of lithic units on the
map. Most of these folds have a right-handed sense and have
amplitude to wavelength ratios of 0.3 to 0.5, although in the
southern part of the area they are slightly more appressed.
Figure 4 shows the character of these folds.
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Figurc 4. Asymmetrical folds (F,), Winslow.

As shown in Figure 5a, the axial surfaces of these asymmetri-
cal folds strike consistently about N10°E and dip steeply toward
the east. The common orientation of these features indicates that
they are a late feature in the structural history and are not fold-
ed in any pervasive way by other folds.

The axes of F; typically plunge steeply, but they plot on the
great circle that marks the intersection of F; axial surfaces with
bedding and preexisting schistosity (Fig. 5b). The steep incli-
nation of these axes indicates that they were superimposed on
surfaces that had steep dips, and their right-handed character
indicates that the steeply dipping surfaces had rather uniform
orientations before this folding event.

A spaced cleavage (S;), approximately parallel to the axial
surfaces of F;, is well developed throughout the region. Poles
to these cleavage surfaces are indicated in Figure 5c. The dis-
tance between cleavage surfaces is 1 to 8 mm. At low meta-
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Figure 5. Orientation of structural elements. Diagrams are lower hemisphere, equal-area projections. (a) Poles to axial surfaces
of Fy; 50 points. (b) Axes of Fy; 50 points. (¢) Poles to S;: 140 points. (d) Poles to axial surfaces of F,; 65 points. (e) Axes
of F,; 65 peints. (f) Poles to S,: 490 points.
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TRACE OF 8,
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Figure 6. (a) Upright isoclinal fold (F,) deformed by F,. Route
137, 4.2 km east of Winslow. (b) Line sketch of photo in (a) which
identifies various structural features.

morphic grade some micaceous minerals grow along these
surfaces and at higher grades sillimanite grows along them.

F; deforms isoclinal F, (Fig. 6) and deforms schistosity that
is related to F,. F; is also younger than the metamorphosed an-
desitic or dacitic dikes. In addition, F, is found in inclusions
in peraluminous granite of the Hallowell pluton. A small out-
crop located on Route 95, 0.3 km north of the Augusta inter-
change, contains quartz-plagioclase-biotite-calc-silicate granulite
that is cut by a thin dike of leucogranite (Fig. 10a). The dike
is folded and cleaved by F;, indicating that F; is younger than
the Hallowell pluton dated at 387 + 11 Ma (Dallmeyer and Van
Breeman, 1981),

F, and Associated Structural Features

Upright isoclinal folds are the most important fold element
in the region. F, folds, because they are significantly larger
than F; folds, control the lithic distribution of formations on
the geologic map (Fig. 2), and where mapping horizons are well

defined, the axial traces of F, folds can be confidently drawn.
The abundance of mesoscopic F, folds is much higher in the
axial regions of map-sized F, folds than it is in their limbs.
These folds deform bedding and possibly a faint schistosity.
They have amplitude-wavelength ratios that range from 0.5 to
1.0. Bedding thicknesses measured in sections perpendicular
to their fold axes are plotted on Figure 7 against the dips of
bedding (Ramsay, 1967) and suggest that these are flattened
folds. The square root of the ratio of the intermediate to largest
principal extensions ranges from 0.6 to 0.15. Figure 8 shows
the style of these folds.
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Figure 7. Flattening of F, (after Ramsay. 1967). + = thin bedded
quartzite and pelite; A = wacke; o = limestone. A, = largest prin-
cipal extension, N, = intermediate principal extension, t, = normal
thickness at hinge. t, = normal thickness at dip «, « = dip of bed.

Figure 8. Style of upright isoclinal folds (F,), Winslow.
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The axial surfaces of F, folds have constant orientations over
large areas (Fig. 5d). Their dips are consistently a few degrees
from vertical.

The axes of the upright folds have plunges generally less than
35°. Most plunge to the northeast, but some plunge to the south-
west. Representative plunges for these folds are shown on
Figures 5e and 12.

A penetrative schistosity in pelitic rocks is parallel to the ax-
ial surfaces of F, folds. Small plates of muscovite and chlo-
rite and the ellipsoidal shapes of non-micaceous crystals are
aligned in this schistosity. Over much of the area the schistosi-
ty is sensibly parallel to bedding, however in the hinges of F,
folds this schistosity cuts across bedding.

In more massive beds of wackes and limestone, pressure so-
lution cleavage is common (Fig. 9). This cleavage occurs as
zones, 3 to 7 mm thick, in which biotite and accessory miner-
als are concentrated. The micaceous minerals within these zones
have an excellent preferred orientation parallel, or nearly
parallel, to the margins of the zones. The cleavage zones
separate microlithons, 1 to 1.5 cm thick, of normal rock.
Cleavage surfaces have a slightly anastomosing arrangement,
but all are aligned nearly parallel to the axial surfaces of F,
folds. Poles to schistosity and pressure solution cleavage are
plotted in Figure 5f.

Figure 9. Pressure solution cleavage (S,), Route 137, 4.2 km east of
Winslow.

The schistosity and pressure solution cleavage of S, may
deviate locally from parallelism with the axial surfaces of F,
folds. Where beds of differing competency are interbedded, the
schistosity may exhibit differences in strike of 10°-15° and
differences in dip of as much as 20°. In addition, the orienta-
tion of S, may have a fan-like arrangement in the hinges of F,
(Fig. 10b). In one outcrop (Fig. 10c) the schistosity adjacent
to a quartzite bed displays orientations predicted for zones of
contact strain (Ramsay, 1967, p. 417). The schistosity through-
out the outcrop is essentially parallel to the axial surface of F,,
but in a zone a few millimeters thick at the convex side of the
bed of quartzite, the schistosity is parallel to bedding. A finite
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neutral point must exist in the rock between the zone in which
schistosity parallels bedding and where schistosity parallels the
axial surface. At the concave side of the quartzite bed, the
schistosity is everywhere parallel to the axial surface.

F, and its associated structural features are older than F; and
its related features. Cleavage associated with F; commonly
cuts across both limbs of F, without deflection, and at several
localities the axial surfaces and limbs of F, folds are folded by
F; (Fig. 6). F, is older than all intrusive bodies in the region,
including the metamorphosed andesitic and dacitic dikes, the
granodiorite, and the muscovite-bearing granites. F, is also
either synchronous with or slightly predates the earliest meta-
morphic event in the region.

Outcrop-sized F, folds that deform bedding and show
primary facing directions do not everywhere have stratigraph-
ic directions consistent with anticlines and synclines. At some
places, antiforms contain beds whose facing directions indicate
younger rocks are in the core of the fold, and at other places
synforms contain beds whose facing directions indicate that older
rocks form its core. These relationships suggest that an earlier
fold event predated F,.

F, Folds

Evidence for an earlier set of folds (F,) is mostly indirect,
consisting of a few minor structural features and inverted strati-
graphic sequences. Minor structural features indicating an ear-
ly folding event are uncommon. A single outcrop, located on
the east bank of the Kennebec River 0.2 km south of the
Waterville-Winslow bridge, contains an isoclinally refolded,
isoclinal fold. Figure 10d shows the relationship. The younger
isoclinal fold has a style and orientation that identifies it with
F,. The earlier isoclinal fold has a “hooked” shape, and both
of its limbs are folded by F,. A faint pressure-solution cleavage
is parallel to the axial surface of the early fold and this cleavage
is also folded by F,. The early fold form is thought to be F,
and to represent an early isoclinal fold. The plunge of the early
fold is uncertain.

In addition, a few isoclinal folds with abnormally steep
plunges have been observed throughout the area of this study.
The style of these folds is much like that of F,. It is only their
plunge that distinguishes them. They have axial surfaces that
are appropriate for F,, but their plunges vary from 65° to 80°.
The style and orientation of these folds is consistent with their
being F, folds preserved in the limbs of F, folds.

Another indication of earlier folds (F,) is the presence of
downward-facing F, folds (Fig. 12). Downward- and upward-
facing F, folds have been recognized by examining primary
sedimentary features, e.g., cross-bedding and graded bedding
in their hinges. If the facing directions indicate that younger
beds are met progressively upward along the axial surface (Fig.
11a and b), the fold is upward-facing and the section is nor-
mal. But if the facing directions indicate that younger beds are
met progressively downward along the axial surface (Fig. 11c
and d), the fold is downward-facing and the section is invert-
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Figure 11. Facing directions of folds. (a) Upward-facing anticline. (b)
Upward-facing syncline. (c¢) Downward-facing antiform. (d)
Downward-facing synform. Coarse patterning is at bottom of bed. Age
of beds, 1 > 2 > 3.

ed. Because schistosity in F, is parallel to the axial surface of
these folds, observations of facing directions of sedimentary fea-
tures on schistosity provides information on the facing direc-
tions of F, as well (see Shackleton, 1958; Borradaille, 1976).
Of course in terranes of isoclinal folding the bedding-schistosity
relations are generally meaningful only near the hinge regions
of folds because of the parallelism of bedding and schistosity
in the limbs.

A good example of a downward-facing antiform may be ob-
served on the east side of the Kennebec River 200 m south of
the Waterville-Winslow bridge, and the downward-facing traces
of graded beds are well preserved on cleavage related to F, 1.2
km northeast of Benton Station (Fig. 2).

In south-central Maine observation of downward-facing F,
and therefore, inverted sections have been made at several lo-
calities. These localities are indicated in Figure 12. The distri-
bution of these observations is taken to mean that a part of the
Waterville Formation is inverted and that some structural fea-
ture existed prior to F, to invert the section. Axial traces of
early folds (F,) have been drawn in Figure 12 as lines separat-
ing regions of upward-facing F, from those of downward-
facing F,. Regions underlain by the inverted limbs of F, folds
are patterned while regions underlain by normal limbs of F,
folds are unpatterned, as shown in the inset of Figure 12.

No local information is known about the facing directions of
B
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Cleavage associated with F| is difficult to identify. However
the outcrop in Winslow, showing F, folded by F, (Fig. 10d),
does exhibit a cleavage that was formed as an ancillary struc-
ture to F,. Moreover, the observation that in the hinges of
some F, folds a weak foliation is folded with the bedding in-
dicates the presence of an earlier cleavage. It is concluded that
any relict cleavage connected to the F; event would approxi-
mately parallel bedding because of the isoclinal character of
F,. and this cleavage would tend to be misidentified as S, af-
ter the F, event because F, is also isoclinal.

Map-scale Folds

Mapped folds are principally F, folds, although a consider-
ation of upward- and downward-facing sequences leads to the
delineation of F, folds as well. The axial traces of these struc-
tural features are shown in Figure 12. F, features will be
described first, followed by a description of F, features.

The large tract of Sangerville Formation east of Waterville
and extending northeasterly from Augusta contains F, and as-
sociated cleavage which when combined with facing directions
of beds indicate that F, structures face upwards. These rela-
tionships indicate that this tract of the Sangerville Formation
is in a normal stratigraphic sequence and occupies the core of
an F, synform, the Vassalboro synform.

The outcrop of Waterville Formation to the west is antifor-
mal based on the plunges of mesoscopic F, and the symmetry
of stratigraphic units. Its axial trace is shown in Figure 12, and
this structure is designated the Waterville-Newport antiform.
Facing directions within this antiform are complex and will be
discussed under the F, folds.

The two “canoe”-shaped outcrops of Sangerville Formation
west of Waterville define F, synforms (Fig. 12). The axes of
mesoscopic F, folds near their northern terminations plunge
gently toward the southwest, and near their southern extremi-
ties they plunge northeasterly. Moreover, the facing directions
of beds in F, structural features indicate that these features face
upward. The large areal extent of the Waterville Formation
north and south of the these synforms (Figs. 2 and 12) occupies
culminations in the F, folds.

The tract of Sangerville Formation between the Messalon-
skee Lake thrust and the Currier Hill synform (Fig. 12) con-
tains mesoscopic F, folds that generally plunge toward the
northeast. These folds are left-handed in the eastern part of the
tract and right-handed in its western part, indicating a large F,
antiform. The trace of this map-scale F, fold is drawn to
separate the left- and right-handed mesoscopic folds and to
separate the two belts of limestone (Fig. 12). The major fold
is called the Canaan-Readfield antiform. The geometry of this
structure requires the limestone unit exposed east of the Curri-
er Hill synform to belong to the upper limestone unit of the San-
gerville Formation.

The Currier Hill synform (Fig. 12) is an F, structure.
Mesoscopic F, axes plunge mostly toward the northeast, and
the facing directions of beds in these folds indicate that they
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face upward. The relationships that hold for the mesoscopic folds
are taken to be true for the map-scale fold as well.

The Cornville antiform (Fig. 12) to the west was first recog-
nized by Pankiwskyj et al. (1976). It is outlined by the Patch
Mountain unit of the Sangerville Formation. This structure is
upright and nearly isoclinal, both characteristics of F,.
Mesoscopic F, axes plunge to the northeast, and the facing
directions of beds within these mesoscopic structures indicate
that they face upward. As a consequence, the map-scale fold
is interpreted to face upward and within the region of study to
plunge northeastward.

The large area of Sangerville Formation west of the Corn-
ville antiform must lie in a synformal structure. This structure
contains many small and large folds, and the isolated outcrops
of limestone in the vicinity of Athens and Harmony (Fig. 2)
probably lie in the cores of F, antiforms. Mesoscopic folds at
Athens face upward, so that the larger fold is assumed to do
so also. In contradistinction, Mulry (in press) indicates that at
its southern extremity this synformal tract faces downward, sug-
gesting that an earlier fold axial trace separates the two areas.

At least three large F, recumbent folds are interpreted to ex-
ist within the map area. The most westerly of them is exposed
in the east limb of the Canaan-Readfield antiform (Fig. 12).
Here the facing directions of F, folds at several outcrops face
downward and indicate that the section is inverted. The axial
trace of an F, fold is drawn within the eastern two belts of
limestone and just to the west of those localities exhibiting
downward-facing folds. Because the geometry of the F,
Canaan-Readfield antiform requires the limestone to be the up-
per limestone unit of the Sangerville Formation, the F; fold
must be synclinal and face west. It is truncated by the Mes-
salonskee Lake thrust southeast of Canaan.

The most eastern of the F, folds is exposed in the Waterville-
Newport antiform (Figs. 2 and 12). Within the core of the
Waterville-Newport antiform, F, structural features face down-
ward, indicating that the stratigraphy is inverted, but elsewhere
in this antiform, F, structural features face upward, indicating
normal stratigraphy. A line in Figure 12 separating normal and
inverted stratigraphic sections delineates the folded trace of the
F, axial surface. This recumbent fold is thought to pass
beneath the easternmost of the “canoe”shaped F, synforms
west of Waterville and possibly to re-emerge in the thin band
of Waterville Formation that lies immediately to its west (Fig.
12), although evidence for the position of its axial trace there
has not been observed. The facing direction for this fold is un-
certain, but because the F, fold to the west verges west, this
fold is also assumed to do so.

The axial trace of a third F| recumbent fold is thought to ex-
ist in a narrow belt of the Waterville Formation along the east
side of the Messalonskee Lake thrust (Figs. 2 and 12). This F,
fold is defined by the facing directions of F, folds northeast of
Canaan, but to the south it is undefined, and it could be cut
out by the Messalonskee Lake thrust. The data set for this F,
fold gives no information on its vergence, but because the F,
fold to the west of the Messalonskee Lake thrust faces west,
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this fold is also drawn so as to face west.

Beds at the southeastern extremity of the Currier Hill syn-
form have abnormally shallow dips, suggesting that an F, fea-
ture is folded into this part of the F, structure, but their
geometry cannot be reconstructed given the current obser-
vations.

The vergence for the F, folds described in this report does
not conform to the vergence of early folds described in outly-
ing areas (Hussey et al., 1984; Eusden et al., 1984; Mulry, in
press). Of course, all of the facing directions for these folds,
except those decribed by Hussey et al. (1984), are based on
somewhat intricate and tenuous arguments, but assuming that
they have been correctly identified, the differences in facing
directions can be explained by two different folding events (Os-
berg et al., in press). The first event involved recumbent fold-
ing and thrusting with westward transport, and the second
involved back-folding with eastward vergence.

Faults

Two high-angle, post-F; faults and an early thrust, the Mes-
salonskee Lake thrust, are recognized in the area of study (Figs.
2 and 12).

The two high-angle faults have been mapped in the eastern
part of the area. The Dearborn Brook fault (Pankiwskyj, 1976)
is located along a pronounced topographic lineament that ex-
tends northeasterly from the vicinity of South Windsor (Fig.
2). There may be several splays, and as a result several differ-
ent positions have been taken for this fault by different geolo-
gists (see Pankiwskyj, 1976; Newberg, 1985). As interpreted
in this paper, it cuts and offsets the Waterville Formation, and
according to Newberg (1985) it displaces metamorphic isograds.
The Dearborn Brook fault is thought to be steeply dipping, and
its displacement is not known. Newberg (1985) thought its slip
direction was horizontal, but the inferred dips of the Water-
ville Formation and the isograds suggest that it had a large com-
ponent of dip-slip. It postdates F,, and because it cuts
metamorphic isograds, it probably postdates Fy as well.

A second high-angle fault, the Palermo School fault, has been
mapped along the west side of the Nehumkeag Pond unit of the
Cushing Formation (Newberg, 1985). In this paper the Paler-
mo School fault is interpreted to lie within the outcrop of the
Nehumkeag Pond unit, although it truncates one of the inliers
containing possible Hutchins Corner Formation. Displacement
on this fault is unknown. It is thought to have similar displace-
ment to and to have the same age as the Dearborn Brook fault.

The Messalonskee Lake thrust is placed along the boundary
between the Waterville and Sangerville Formations. This fault
juxtaposes different stratigraphic units along its trace, and to
the north of the area of study, it cuts out the entire outcrop of
the Sangerville Formation, bringing into contact the Waterville
and Perry Mountain Formations. F, folds that deform this
thrust (Fig. 2) plunge toward the northeast, indicating that the
thrust and the Waterville Formation structurally overlie the San-
gerville Formation. This geometry, coupled with the relative
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ages of the Waterville and Sangerville Formations, suggests that
the thrust dips toward the east. This dip is corroborated by the
U.S. Geological Survey’s Maine seismic reflection profile which
shows this thrust as a secondary reflector (D. B. Stewart, pers.
commun., 1985). These relationships suggest that transport on
it was toward the west. It is folded by F, and postdates F,, but
the thrust cuts the axial surfaces of F, folds at a sufficiently
low angle as to suggest that they may belong to the same defor-
mational event.

Structure Section

Figure 13 shows a structure section produced by projecting
the surface geology northeastward parallel to the axes of F,
onto a plane oriented perpendicular to the axes. The section is
located by X-Y on Figure 2.

F, folds dominate the structure section. They are upright and
steep sided, but these large F, folds must die out at deeper lev-
els, and at a depth of from 12-15 km the structures must be
essentially flat.

These subsurface relations are constrained by a prominent
reflector that delineates the seismic bottom of the Kearsarge-
central Maine synclinorium on a deep reflection seismic pro-
file (Stewart et al., 1986; Unger et al., 1987). This reflector
is west-dipping and comes to the surface near the contact be-
tween the Hutchins Corner Formation and the Nehumkeag Pond
anit. It is here interpreted to be a normal sedimentary contact

separating rocks of high velocity contrast. However, other in-
terpretations are possible; it has been interpreted as a detach-
ment between a cover sequence and stiffer basement (Stewart
etal., 1986), or it might represent a thin transition zone where
vertical structures above are collapsed into more-or-less flat
structures below.

F, folds are shown in the central part of the section. These
folds must have been extremely tight to isoclinal in order to
have their observed interaction with F,. In the structure sec-
tion (Fig. 13), F, folds are shown to verge toward the west.
In this interpretation the transport directions of both the F,
folds and the Messalonskee Lake thrust are toward the west and
give rise to the possibility that the two features may be related.

The high-angle faults in the eastern part of the sections post-
date the major ductile deformation in the region.

METAMORPHISM

The rocks of southeastern Maine have been recrystallized in
widespread metamorphic events. Isograds are shown in Figure
2. Detailed studies of the metamorphic rocks have been made
by Osberg (1971), Ferry (1976a, 1976b, 1978), and Novak and
Holdaway (1981). Well-mapped contact metamorphic aureoles
exist around the Hartland pluton (Ludman, 1977) and the Old
Point pluton (Pankiwskyj, 1979), but the contact aureole around
the Norridgewock pluton merges to the southwest with a
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widespread regional metamorphism. The Hallowell, Togus, and
Three Mile Pond plutons are embedded in the field of the region-
al metamorphism, and the isograds bear only an approximate
spatial relationship to those plutons.

All rocks in the northern part of the area of study have been
recrystallized to chlorite-bearing assemblages. The first appear-
ance of biotite is shown by the low-grade isograd in Figure 2.
The middle-grade zone is based on the first appearance of an-
dalusite, cordierite, or staurolite in pelitic rocks and on the first
appearance of amphibole plus calcic plagioclase (Ang-Angs) in
calcareous wackes. The high-grade zone is based on the first
appearance of sillimanite in pelitic rocks and on the first ap-
pearance of diopside in calcareous wackes. The zones are lo-
cally telescoped around plutons and, consequently, not all zones
can be shown.

Textural relationships in the metamorphic rocks suggest that
at least three metamorphic events (M, M,, and M,) have af-
fected the rocks. The dominant schistosity in the rocks is con-
trolled by the parallelism of fine muscovite and chlorite. It is
parallel to the axial surfaces of F, and, because these folds are
isoclinal, the schistosity for the most part is also parallel to bed-
ding. The early metamorphic event that establishes the parallel
arrangement of muscovite and chlorite is regarded as M,. It is
not known whether any of the chlorite-grade rocks in south-
central Maine are affected by only M. Certainly a large part
of the chlorite-grade rocks and all rocks of higher grade have
been recrystallized by later thermal events.

Andesitic and dacitic dikes cut across the schistosity associated
with M,, but are themselves metamorphosed to mineral assem-
blages consistent with the regional metamorphism. This obser-
vation, along with overprinting of the M, schistosity by
porphyroblastic minerals with a static growth pattern, indicates
the existence of a second metamorphic event (M,). This event
accounts for most of the regional metamorphic assemblages in
the area. It is a Buchan-type metamorphism that produced an-
dalusite, staurolite, and cordierite in middle grades in the pelitic
rocks of appropriate compositions.

Examination of the chemistry of the associated minerals
produced in M, indicates that those mineral assemblages were
frozen in near the peak of M, (Osberg, 1971; Ferry, 1976a).
Estimates of the conditions of this metamorphic event (Osberg,
1974; Ferry, 1976b; Novak and Holdaway, 1981) from coex-
isting minerals indicate that the temperature ranged from 380°C
at the biotite isograd to about 550-600°C at the sillimanite
isograd. Pressures have been estimated to have been in the range
3000-3800 bars. Partial pressure of fluid was certainly less than
total pressure, perhaps considerably less.

Muscovite and chlorite of the M, event have parallel align-
ment in S; cleavage that cuts the metamorphosed andesitic and
dacitic dikes, and within the middle grades of metamorphism
muscovite has two orientations: relict alignment (M,) parallel
to schistosity (S,) and a second alignment of small plates
parallel to S;. At high grades of metamorphism, mats of fibro-
lite locally occur in S;. Because many of the M, minerals lie
in §;, the M, event might be coeval with or slightly younger
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than the development of F; and its related structures.

The relationship of M, to the Hallowell and Togus plutons
is important. Barker (1961) regarded the minerals of the Hal-
lowell pluton as primary, and Ferry (1978) thought that the
metamorphism and plutonism were synchronous. This author
interprets the relationship to indicate that M, metamorphism
has affected the plutons; that the plutons were emplaced, pos-
sibly with metamorphic aureoles, and were subsequently en-
gulfed by the thermal pulse that produced M,. The author feels
that the mortar textures in the granitoids, the metamorphic tem-
peratures calculated within the granites by Ferry (1978), and
the tracing of isograds through the granites on the basis of the
mineral assemblages of zenoliths support this model. Further-
more, the relationships at Augusta (Fig. 10a), where F; and
associated cleavage deform thin granite dikes associated with
the Hallowell pluton, support the young age of M,
metamorphism.

Chlorite in subhedral plates 0.03 mm long cuts across the M,
schistosity in some middle grade rocks. Chlorite of identical
composition partly to completely replaces cordierite (regarded
as an M, mineral) in some of these rocks as well. Thus, the
growth of chlorite seems to postdate M, and is an alteration
product of an M, mineral. It could be regarded as a prograde
mineral produced by a reaction involving cordierite, as a post-
climax M, mineral produced during the waning of metamorph-
ic conditions, or as a separate and distinct retrogressive event
(M;). Novak and Holdaway (1981) have suggested that the up-
per sillimanite zone in the western part of the Augusta quad-
rangle was produced by an M; event, and possibly the chlorite
in the eastern part of the Augusta quadrangle was produced by
the same event.

The contact metamorphic aureoles surrounding the Hartland
and Old Point plutons and the northern part of the Norridge-
wock pluton are superimposed on the schistosity that is related
to M. Observations relating them to M, or M have not been
made, but the age of the Hartland pluton (Dallmeyer et al., 1982)
is approximately coeval with M, to the south.

The ages of metamorphism have been determined from rela-
tionships to stratigraphic units, plutons, structural features, over-
printing relations of metamorphic minerals, and radiometrically
dated rocks. The earliest metamorphic event (M,) observed in
this area of study has textures that are related to F, and, there-
fore, is roughly coeval with those folds. These folds deform
Siegenian and possibly Emsian rocks in northern Maine and are
intruded by plutons that have been dated at approximately 394
Ma (Dallmeyer and Van Breeman, 1981). The second meta-
morphic event (M,) has textures that are related to F;. Both
F; and M, overprint the Hallowell and Togus plutons (394-387
Ma, Dallmeyer and Van Breeman, 1981), and 4°Ar/*Ar spec-
tral ages (Dallmeyer, 1979) on amphibolites recrystallized in
this event from the vicinity of Augusta give apparent ages of
approximately 360 Ma. The youngest metamorphic event
(M;), represented by the growth of chlorite in middle-grade
rocks of M,, is superimposed on the fabric of M,, but it has
no younger limit. It may be coeval with the intrusion of the Se-
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bago pluton and its attendant metamorphism, dated as Car-
boniferous (Lux and Guidotti, 1985).

TECTONIC CONSIDERATIONS
Stratigraphic Relationships

The grain size within the protolith of the Sangerville and
Smalls Falls Formations in south-central Maine decreases from
northwest to southeast. This decrease in grain size is even more
apparent when the grain size within these formations is com-
pared with that of the equivalent Rangeley Formation in western
Maine (Osberg et al., 1968). Conglomeratic lenses with coarse
clasts are common in western Maine and decrease in abundance
and grain size toward the southeast in the Rangeley, Sanger-
ville, and Smalls Falls Formations. Assuming that the strati-
graphic relations of the Perry Mountain Formation and the
Waterville Formation discussed in the section on stratigraphy
are valid, the distribution, thickness, lithic character, and ages
of the Silurian formations can be interpreted as a sedimentary
prism having a proximal edge that lies to the west, and a more
distal section that lies in south-central Maine.

Conglomerates within the Sangerville Formation and to a less-
er extent within the Smalls Falls Formation contain mafic and
felsic volcanics as well as hypabyssal and plutonic clasts. The
occurrence of these clasts indicates that erosion in the source
area had stripped deeply into a volcanic-pluton terrane.

The thick, Silurian and Gedinnian sedimentary prism of the
Kearsarge-central Maine synclinorium converges in western
Maine where it undergoes a remarkably fast facies change into
a thin shelf sequence of equivalent age. A similar facies change
occurs in the Miramichi anticlinorium, where a thin Silurian
and Gedinnian section is juxtaposed east and west with much
thicker shale-wacke sections of similar age. Coastal Silurian
sedimentary sections are also thin. These thick-and-thin Siluri-
an sections suggest a horst and graben terrane, indicative of ex-
tension (see Berry and Osberg, in press).

In the context of crustal extension, the Llandoverian through
Wenlockian volcanic sections of the coastal belt and the
Pridolian and Gedinnian volcanics of northern Maine could be
rift-generated as suggested by Gates and Moench (1981; also
see Pinette and Osberg, in press; for other interpretations of
the northern Maine volcanics see Hon and Roy, 1981 and Laur-
ent and Belanger, 1984). The Pridolian through Siegenian vol-
canics in coastal Maine may be arc-generated as suggested for
the correlative Newbury Volcanic Complex in Massachusetts
by Hon and Thirlwall (1985).

Siegenian flysch spreads across both the thick and thin Gedin-
nian and older deposits and is interbedded with volcanic rocks
in northwestern Maine. This flysch may represent deposits
produced by an advancing tectonic terrane.

Johnson (1979) and Berdan (1983) indicate that the brachio-
pods and ostracodes of Pridolian and Gedinnian age in the
coastal sections of Maine are provincially different from fos-
-sils of the same age in rocks to the west. This provinciality sug-

gests that rifting led to a sea sufficently wide to prohibit
migration of spat across it.

Fold-thrust Relationships

The volcanic and sedimentary components of the Silurian and
Lower Devonian sections have been variably transported on
thrusts from their original positions and multiply folded, indicat-
ing a period of crustal compression. Early recumbent folds and
thrusts in south-central Maine imply a large amount of trans-
port toward the west. Later back-folding (not preserved within
the area of study) produced folds with eastward vergence. Fur-
ther strain of the rocks in response to continuing northwest-
southeast compression was by upright folding at high structur-
al levels and possibly by continued recumbent folding and thrust-
ing at deeper levels. Later a new accommodation of the rocks
to new boundary conditions produced the small, north-trending,
asymmetric folds.

The recumbent fold, thrust features, and early upright folds
recorded in south-central Maine occurred within a geological-
ly short span of time: sufficiently short to be within the error
bars of the dating methods. These features deform rocks as
young as Siegenian and possibly Emsian (401-387 Ma: Palmer,
1983) and are cut by granites dated at 402 to 394 Ma (Dallmeyer
and Van Breeman, 1981; Hubacher and Lux, 1987). Only the
late north-trending folds postdate the 394 + 8 Ma Hallowell plu-
ton, and these features are best dated at about 360 Ma.

Plutonism

The plutons of south-central Maine belong to an ill-defined
group of plutons that were intruded within the interval 400-360
Ma. Possibly. these plutons belong to two overlapping groups
with a high frequency of intrusion at about 395 Ma and a sec-
ond at 370 Ma, although this apparent bimodal character could
be due to sampling biases. A third group of plutons has a maxi-
mum frequency of intrusion at approximately 320 Ma.

Plutons belonging to the 400-360 Ma group include gabbro,
diorite, granodiorite, and granite, and their chemistry suggests
that some have contributions from mantle sources (Hon et al.,
1981), others have igneous sources (Hon et al., 1981; Ayuso,
1984), and still others have strong contributions from sedimen-
tary rocks. The plutons that have ages around 320 Ma are mostly
granites, and nearly all of these have sedimentary sources.

The heat necessary for the production of magmas can be
generated by crustal thinning, by subduction of oceanic crust,
and by thickening of the crust in continent-to-continent colli-
sions. Heat generated by these processes moves through the crust
by convection (carried by magmas) and conduction with a long
time constant so that magmas may not be emplaced for 20 to
50 million years after the initiation of the process leading to
enhanced heat flow. As a result, plutons produced by entirely
different processes may overlap in time.

The early plutons ( ~395 Ma) could have been generated by
crustal thinning during a period of extension manifested by the
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horst and graben features displayed by the Silurian-Gedinnian
stratigraphy, by the Pridolian and Siegenian volcanics of north-
ern Maine, and by the Llandoverian and Wenlockian bimodal
volcanics of coastal Maine. This extension produced an ocean
between the coastal terrane and the regions now lying to the
west. The Pridolian and Siegenian volcanics of coastal Maine
could have been initiated by subduction related to the closure
of this ocean, leading to a continent-to-continent collision at
about 400 Ma. This collision thickened the crust sufficiently
to allow partial melting of crustal rocks, producing plutons that
cluster around 375 Ma; further tightening of the mountain belt
at the end of the Devonian produced a new round of plutons
at about 320 Ma (James De Yoreo, pers. commun., 1987).

Metamorphism

The combination of conduction enhanced by the upward
movement of magma (James De Yoreo, pers. commun., 1987)
resulted in a large part of the crust being heated above the nor-
mal crustal distribution of heat. Sedimentary rocks in the deep-
er parts of the crust recrystallized in a Barrovian-type facies
series and those in the higher parts in a Buchan-type facies se-
ries. Thus, a concentric relationship between the two meta-
morphic facies-types was developed. South-central Maine lies
at the north edge of the high-level metamorphic series, and
metamorphism toward the south is at a deeper level.

Summary

The Silurian-Gedinnian sedimentary rocks of New England
are interpreted to have been localized by horsts and grabens
in a back-arc region that lay west of an Andean-type magmatic
arc. Rifting of the back-arc region produced a small ocean that
separated coastal belts from more westerly parts of the terrane.
In Pridolian time, westward motion of the magmatic arc began
to close out the small ocean to its west, probably along an east-
dipping subduction zone located along the west edge of the
coastal belts. The magmatic arc ultimately collided with con-
tinental crustal terranes to its west in latest Early Devonian time
producing a plethora of thrusts and folds, greatly thickening the
crust. The magmatic and metamorphic features of these terranes
are a consequence of these processes.

Appendix 1: Map Credits

1. Anson quadrangle — Pankiwskyj (1979); Osberg (1980), notes.

2. Skowhegan quadrangle — Ludman (1977); Osberg (1980), notes.

3. Pittsfield quadrangle — Griffin (1973); Osberg (1980), notes.

4. Norridgewock quadrangle — Pankiwskyj (1978); Osberg (1980),
notes.

. Waterville quadrangle — Osberg (1968); Osberg (1980), notes.

. Augusta quadrangle — Barker (1961); Osberg (1968); Osberg
(1980), notes.

7. Vassalboro quadrangle — Osberg (1968); Osberg (1980), notes.

8. Liberty quadrangle — Pankiwskyj (1976); Osberg (1980), notes;

Newberg (1985).

O h

72

Osberg

REFERENCES CITED

Ayuso, R. A., 1984, Field relations, crystallization, and petrology of reverse-
ly zoned granitic plutons in the Bottle Lake complex, Maine: U.S. Geol.
Surv., Prof. Paper 1320, 58 p.

Barker, D. §., 1961, Geology of the Hallowell granite, Augusta, Maine: Ph.D.
dissert., Princeton University, Princeton, New Jersey, 240 p.

Berdan, J. M., 1983, Biostratigraphy of Upper Silurian and Lower Devonian
ostracodes in the United States, in Maddocks, R. F. (ed.), Applications of
Ostracoda: Proceed. 8th Internat. Symposium on Ostracoda, July 26-29,
1982: University of Houston, Houston, Texas, p. 313-337.

Berry, H. N., IV, and Osberg, P. H., in press, A stratigraphic synthesis of
castern Maine and western New Brunswick, in Tucker, R. D., and Mar-
vinney, R. G. (eds.), Studies in Maine geology: Volume 2 — structure and
stratigraphy: Maine Geol. Surv.

Borradaille, G. J., 1976, “Structural facing” (Shackleton’s rule) and the Paleozoic
rocks of the Malaguide Complex near Valex Rubio, Se Spain: Proc. Konink-
lyke Nader. Akad. Wetenschappen, Amsterdam, ser. B, 79(5).

Brookins, D. G., and Hussey, A. M., I, 1978, Rb-Sr ages for the Casco Bay
group and other rocks from the Portland-Orrs Island area, Maine: Geol.
Soc. Amer., Abs. with Prog., v. 10, p. 34.

Dallmeyer, R. D., 1979, Chronology of igenous and metamorphic activity in
south-central Maine, in Skehan, J. W., S.J., and Osberg, P. H. (eds.), The
Caledonides in the U.S.A.: geological excursions in the northeast Ap-
palachians: Boston College, Weston, Mass., p. 63-71.

Dallmeyer, R. D., and Van Breeman, O., 1981, Rb-Sr whole rock and
40Ar/3Ar mineral ages of the Togus and Hallowell quartz monzonite and
Three Mile Pond granodiorite plutons, south-central Maine: their bearing
on post-Acadian cooling history: Contrib. Mineral. Petrol., v. 78, p. 61-73.

Dallmeyer, R. D., Van Breeman, O., and Whitney, J. A., 1982, Rb-Sr whole-
rock and *Ar/*?Ar mineral ages of the Hartland stock, south-central
Maine: a post-Acadian representative of the New Hampshire plutonic se-
ries: Am. Jour. Sci., v. 282, p. 79-93.

Ekren, E., and Frischnecht, F. C., 1967, Geological-geophysical investiga-
tions of bedrock in the Island Falls quadrangle, Aroostook and Penobscot
counties, Maine: U.S. Geol. Surv., Prof. Paper 527, 36 p.

England, P. C., and Thompson, A. B., 1984, Pressure-temperature paths of
regional metamorphism, I. Heat transfer during the evolution of regions
of thickened continental crust: Jour. Petrol., v. 25, p. 894-928,

Eusden, J. D., Bothner, W. A., Hussey, A. M., II, and Laird, I., 1984, Silu-
rian and Devonian rocks in the Alton and Berwick quadrangles, New Hamp-
shire and Maine, in Hanson, L. S. (ed.), New England Intercollegiate
Geological Conference guidebook for field trips in the coastal lowlands,
Boston, Massachusetts to Kennebunk, Maine, p. 325-351.

Ferry, J. M., 1976a, Metamorphism of calcareous sediments in the Waterville-
Vassalboro area, south-central Maine: mineral reactions and graphical anal-
ysis: Am. Jour. Sci., v. 276, p. 841-882,

Ferry, I. M., 1976b, P, T, f,; and f;,, during metamorphism of calcareous
sediments in the Waterville-Vassalboro area, south-central Maine: Contrib.
Mineral. Petrol., v. 57, p. 119-143.

Ferry, J. M., 1978, Fluid interaction between granite and sediment metamor-
phism, south-central Maine: Am. Jour. Sci., v. 278, p. 1025-1056.
Gates, O., and Moench, R. H., 1981, Bimodal Silurian and Lower Devonian
volcanic rock assemblages in the Machias-Eastport area, Maine: U.S. Geol.

Surv., Prof, Paper 1184, 32 p.

Griffin, J. R., 1973, A structural study of Silurian metasediments of central
Maine: Ph.D. dissert., Univ. California, Riverside, 157 p.

Guidotti, C. V., 1965, Geology of the Bryant Pond quadrangle, Maine: Maine
Geol. Surv., Bull. 16, 116 p.

Hatch, N. L., IJr., Moench, R. H., and Lyons, J. B., 1983, Silurian-Lower
Devonian stratigraphy of eastern and south-central New Hampshire: ex-
tensions from western Maine: Am. Jour. Sci., v. 283, p. 739-761.

Hon, R., Acheson, D., and Schulman, J., 1981, Geochemical and petrologic
correlation of Acadian magmatic rocks in northwest and north-central Maine:
Geol. Soc. Amer., Abs. with Prog., v. 13, p. 138.



Shale-wacke sequence, south-central Maine

Hon, R., and Roy, D. C., 1981, Magmatic and stratigraphic constraints on
Acadian tectonics in Maine: Geol. Soc. Amer., Abs. with Prog.. v. 13,
p. 138.

Hon, R.. and Thirlwall, M. F., 1985, Newbury volcanics — a late Silurian
island arc (?7): Geol. Soc. Amer., Abs. with Prog., v. 17, p. 25.

Hubacher, F. A., and Lux, D. R., 1987, Timing of Acadian deformation in
northeastern Maine: Geology, v. 15, p. 80-83.

Hussey, A. M., II, 1968, Stratigraphy and structure of southwestern Maine,
in Zen, E-an, White, W. S., Hadley. J. B.. and Thompson, . B., Jr. (eds.).
1968, Studies of Appalachian geclogy: northern and maritime: John Wiley
and Sons, New York, p. 291-301.

Hussey, A. M., II, 1971, Geologic Map of the Portland quadrangle, Maine:
Maine Geol. Surv., map GM-1, 19 p.

Hussey, A. M., 11, Rickerich, S. F., and Bothner, W. A., 1984, Sedimentolo-
gy and multiple deformation of the Kittery Formation, southwestern Maine
and southeastern New Hampshire, in Hanson, L. S. (ed.), New England
Intercollegiate Geological Conference guidebook for field trips in the coastal
lowlands, Boston, Massachusetts to Kennebunk. Maine, p. 47-60.

Johnson, I. G., 1979, Devonian brachiopod biostratigraphy. in House, M. R.,
Scuton, C. T., and Bassett, M. G. (eds.), The Devonian System: Paleon-
tological Assoc., Sp. Papers in Paleo., v. 23, p. 291-306.

Katz, F. J., 1917, Stratigraphy in southeastern New Hampshire and southwestern
Maine: U.S. Geol. Surv., Prof. Paper 108, p. 11-29.

Laurent, R.. and Belanger, J., 1984, Geochemistry of Silurian-Devonian alkaline
basalt suites from the Gaspé Peninsula, Quebec Appalachians: Maritime
Seds. Atlantic Geol., v. 20, p. 67-78.

Ludman, A., 1976, Fossil-based stratigraphy in the Merrimack synclinorium,
central Maine, in Page, L. R. (ed.), Contributions to the stratigraphy of
New England: Geol. Soc. Amer., Mem. 148, p. 65-78.

Ludman, A., 1977, Geologic map of the Skowhegan quadrangle, Maine: Maine
Geol. Surv., map GM-5, 25 p.

Ludman, A., and Griffin, J. R., 1974, Stratigraphy and structure of central
Maine. in Osberg, P. H. (ed.), New England Intercollegiate Conference
guidebook for field trips in east-central Maine, p. 154-179.

Ludman, A., Griffin, J. R., and Lindsley-Griffin, N., 1972, Facies relation-
ships of central Maine: Geel. Soc. Amer., Abs. with Prog., v. 4, p. 28.

Lux, D. R., and Guidotti, C. V., 1985, Evidence for extensive Hercynian
metamorphism in western Maine: Geology. v. 13, p. 696-700.

Mulry, C. I., in press, Multiple folding in south-central Maine, in Tucker,
R. D., and Marvinney. R. G. (eds.), Studies in Maine geology: Volume
2 — structure and stratigraphy: Maine Geol. Surv.

Newberg, D. W.. 1984, Bedrock geology of the Gardiner 15’ quadrangle, Maine:
Maine Geol. Surv., Open-File Report 84-8, 30 p.

Newberg, D. W., 1985, Bedrock geology of the Palermo 7.5 quadrangle, Maine:
Maine Geol. Surv., Open-File Report 85-84, 14 p.

Novak, I. M., and Holdaway, M. J., 1981, Metamorphic petrology, mineral
equilibria, and polymetamorphism in the Augusta quadrangle, south-central
Maine: Amer. Min., v. 66, p. 51-69.

Osberg, P. H., 1968, Stratigraphy. structural geology, and metamorphism of
the Waterville-Vassalboro area, Maine: Maine Geol. Surv., Bull. 20, 64 p.

Osberg, P. H., 1971, An equilibrium model for Buchan-type metamorphic rocks,
south-central Maine: Amer. Min., v. 56, p. 569-576.

Osberg, P. H., 1974, Buchan-type metamorphism of the Waterville pelite, south-
central Maine, in Osberg, P. H. (ed.), New England Intercollegiate Geo-
logical Conference guidebook for field trips in east-central and north-central
Maine, p. 210-222.

Osberg, P. H., 1979, Geologic relationships in south-central Maine, in Ske-
han, J. W., S.J., and Osberg, P. H. (eds.), The Caledonides in the U.S.A
geological excursions in the northeast Appalachians: Boston College, Weston,
p. 37-62.

Osberg, P. H., 1980, Stratigraphic and structural relations in the turbidite se-
quence of south-central Maine, in Roy, D. C., and Naylor, R. S. (eds.),
New England Intercollegiate Geological Conference guidebook for field trips
in northeastern Maine and neighboring New Brunswick, p. 278-296.

Osberg, P. H., Hussey, A. M., I, and Boone, G. M. (eds.), 1985, Bedrock
geologic map of Maine: Maine Geol. Surv., scale 1:500,000.

Osberg, P. H., Moench, R. H., and Warner, 1., 1968, Stratigraphy of the Mer-
rimack synclinorium in west-central Maine, in Zen, E-an, White, W. S.,
Hadley, J. B., and Thompson, I. B., Ir. (eds.), Studies of Appalachian ge-
ology: northern and maritime: John Wiley and Sons, New York, p. 241-253.

Osberg, P. H., Tull, J. F., Robinson, P., Hon, R., and Butler, J. R., in press,
The Acadian orogeny, in Hatcher, R. D., Jr., Thomas, W. A., and Viele,
G. W. (eds.), The geology of North America: the Appalachian and Ou-
achita regions, U.S.: Geol. Soc. Amer., v. F-2.

Palmer, A. R., 1983, Decade of North American Geology 1983 geologic time
scale: Geology, v. 9, p. 503-504.

Pankiwskyj, K. A., 1976, Preliminary report on the geology of the Liberty
15" quadrangle and adjeining parts of the Burnham, Brooks, Belfast. and
Vassalboro quadrangles, Maine: Maine Geol. Surv., Open-File Report
76-29, 8 p.

Pankiwskyj, K. A., 1978, Reconnaissance bedrock geology of the Norridge-
wock 15" quadrangle, Maine: Maine Geol. Surv., Open-File Report 78-17.

Pankiwskyj, K. A., 1979, Geologic maps of the Kingfield and Anson quad-
rangles: Maine Geol. Surv., map GM-7, 51 p.

Pankiwskyj, K. A., Ludman, A., Griffin, J. R., and Berry, W. B. N., 1976,
Stratigraphic relationships on the southeast limb of the Merrimack synclino-
rium in central and west-central Maine, in Lyons, P. C., and Brownlow,
A. H. (eds.), Studies in New England geology: Geol. Soc. Amer., Mem.
146, p. 263-227.

Perkins, E. H., 1924, A new graptolite locality in central Maine, with notes
on the graptolites by R. Rudemann: Am. Jour. Sci., v. 208, p. 223-227.

Perkins, E. H., and Smith, E. §. C., 1925, Contributions to the geology of
Maine: No. 1, A geologic section from the Kennebec River to Penobscot
Bay: Am. Jour. Sci.. v. 209, p. 204-228.

Pinette, S. R., and Osberg, P. H., in press, Geochemical aspects of volcanic
rocks on islands in East Penobscot Bay, Maine, in Tucker, R. D., and Mar-
vinney, R. G. {eds.), Studies in Maine geology: Volume 3 — igneous and
metamorphic geology: Maine Geol. Surv.

Ramsay, D. S., 1967, Folding and fracturing in rocks: New York, McGraw-
Hill. 568 p.

Robinson, P., 1981, Siluro-Devonian stratigraphy of the Merrimack synelino-
rium, central Massachusetts — review based on correlations in Maine: Geol.
Soc. Amer., Abs. with Prog., v. 13, p. 172.

Roy, D. C., and Mencher, E., 1976, Ordovician and Silurian stratigraphy of
northeastern Aroosook County, Maine: Geol. Soc. Amer., Mem. 148, p.
25-42.

Shackleton, R. M., 1958, Downward-facing structures in the Highland Bord-
er: Geol. Soc. Lond., v. 113, p. 361-392.

Stewart, D. B., Unger. J. D., Phillips, J. D.. Goldsmith, R., Poole, W. H.,
Spencer. C. P., Green, A. G.. Loiselle, M. C., and St-Julien, P., 1986,
The Quebec-western Maine seismic reflection profile: setting and first year
results, in Reflection Seismology: The Continental Crust: Amer. Geophys.
Union, Geodynamics Series, Volume 14, p. 189-199.

Unger, I. D., Stewart, D. B., and Phillips, I. D., 1986, A deep seismic reflec-
tion profile across the Merrimack synclinorium and coastal antiform of central
Maine: Geol. Soc. Amer., Abs. with Prog.. v. 18, p. 73.

73



