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ABSTRACT

The Mesozoic dikes of southern coastal Maine have experienced 150 years of research interest that began with
C. T. Jackson’s original survey of the state in 1838 in which he hypothesized three phases of dike intrusion.
Investigation in the 1800°s culminated with Kemp’s (1890) detailed mapping and petrographic examination of dikes
in the Bald Head exposures near Ogunquit. Research in the early 1900’s included an extensive regional survey of
petrographic dike types by Wandke (1922a) and a study of the detailed intrusive relations in multiple dikes by Haff
(1939) at Cape Neddick. The regional geologic survey of York County by Hussey (1962) provided a solid background
in which an older and younger group of dikes were thought to be intermediate in age between the Early Mesozoic
Agamenticus alkaline igneous complex and the younger Cape Neddick gabbroic complex.

Recent orientation studies of dikes in coastal exposures (Swanson, 1982) revealed a progressive northward
change in dike trend from N25°E at Gerrish Island through N45°E at Cape Neddick to N60°E at Bald Head. This
dike trend variation is interpreted to reflect increasing control on dike intrusion by preexisting structures. These
preexisting structures include a near-vertical N60"E bedding-anisotropy as the vertical limbs of regional F2 isoclinal
folds and a N45°E F3.related cleavage-anisotropy in the host Kittery Formation.

A detailed mapping program (1:240) focusing on these near-continuous coastal exposures (Swanson, 1982, 1983,
1984, 1988, and in progress) has included most of the 12 kilometer coastline about the Agamenticus and Cape
Neddick igneous complexes and south to Gerrish Island. The resulting detailed mosaic map sheets (1:480) of large,
continuous sections of outcrop allow the recognition of a complex mafic-felsic dike intrusion sequence based on the
detailed crosscutting map relations and the observed compositional and textural varieties. These relationships
suggest the following intrusive history: a sequence of early Agamenticus minor (mafic and felsic) intrusions
associated with peripheral host rock deformation; intrusion of the main phases of northeast-trending mafic dikes;
a late Agamenticus sequence of mafic and felsic dikes largely postdating the main phase dikes; and lastly, a complex,
Cape Neddick mafic-felsic sequence of intrusions.

INTRODUCTION

C. T. Jackson’s initial survey of the state in 1838 began a
long history of geologic research on the dikes of southern coastal
Maine. These coastal dike exposures are part of an intense
coast-parallel swarm complex of Mesozoic age related to rifting
and crustal extension in the early stages of development of the
Atlantic Ocean. Sporadic reports were published throughout the
late 1800’s and the early to middle 1900’s with Kemp (1890)

attempting the first detailed mapping and petrographic study of
these dikes. Later, Wandke (1922a) described the various
petrographic dike types in these exposures, while Haff (1939)
presented a detailed description of the locally complex intrusive
relations. Hussey (1962) summarized the observed dike charac-
teristics in light of the geology of York County. Most recently,
Swanson (1982, 1983, 1984, 1986, 1988, and in progress), by
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Figure 1. Photograph of the coastal exposures just south of Bald Head
Cliff showing the prominent near-vertical bedding anisotropy in the host
Kittery Formation and several concordant Mesozoic dikes.

very detailed mapping, has begun to unravel the complex struc-
tural and intrusive history of these remarkable exposures (see
Fig. 1). .

The Mesozoic dikes and associated intrusive complexes of
Agamenticus and Cape Neddick are found in what are some of
the best exposures anywhere in the world, capturing the attention
of geologists for 150 years. The descriptions of the earlier
research on these dikes is presented in an historical perspective
from 1838-1988 that is divided into four distinct periods of
focus: the 18007s, the early 1900’s, the 1960’s, and current
research in the 1980’s. Figure 2 will serve as a location guide
for the map areas and as a guide to geographic locations and
general geology of the southern Maine area.

EARLY WORK IN THE 1800’s

C. T. Jackson’s (1838) description of the trap rocks found at
Bald Head in York begins "There are many singularly obscure
rocks in this town, and every variety of metamorphosis which
slate rocks can undergo, may be observed. Sienite veins and trap
dykes, of various ages, occur in great numbers, cutting across the
strata, and furnishing an index to their history.” The host rock
to these intrusions was described as a "striped novaculite or
hone-slate” which has been "cut through by an infinity of dykes."

Three distinct dike intersections were apparent to Jackson
in these exposures. Jackson’s sketches are presented here as
Figure 3, redrafted in the style of the original engravings. The
oldest intrusions were large N55°E-trending dikes of porphyritic
greenstone trap that included a large trap dike, 17 m wide, just
below Bald Head Cliff. A second series of smaller northeast-
trending irregular trap dikes were found to crosscut the first. A
brown scoriaceous trap represented a "third cutting" by yet
another series of dikes. After examining numerous exposures in
this general area, Jackson was able to "confidently confirm 4 or
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5 distinct eruptions of molten trap rocks have burst through the
strata of Maine."

C. H. Hitchcock in 1861 made a visit to the Bald Head
exposures to examine the "trappean rocks in the southern part of
Maine." Hitchcock described these dikes as "frequent, but
generally uninteresting." The dikes were thought to occupy
former fissures where "some general cause has produced frac-
tures over a large area of essentially the same direction." Thus,
it was possible for Hitchcock to "distinguish the ages of the trap
dikes as well by their direction as their difference in mineral
structure."”

As previously noted by Jackson (1838), Hitchcock found
the dikes in York to be of three different ages. The porphyritic
trappean rocks in very large dikes were thought to be the "oldest
series of dikes off the coast." The second series of northeasterly
dikes that cut the porphyritic traps were found to be "the most
common of all the dikes in southern Maine.” The third series of
brown scoriaceous trap was found to cut across the "common
trap" thus reaffirming Jackson’s earlier observations and inter-
pretations.

J. F. Kemp in 1890 reported that "the southern coast of
Maine is very generally seamed with dikes." Kemp conducted
the first detailed mapping of intrusive relations in the coastal
exposures at Bald Head and Kennebunkport as well as reporting
on the first petrographic examination of these dikes. The ex-
posures at "Bald Cliff" were described as "finely stratified
quartzytes, slates and jaspery layers...that belong to the Mer-
rimack group of the New Hampshire survey." It was noted that
"sometimes a slatey cleavage runs obliquely across the bed, even
when but a few inches thick and between two quartzyte layers,"
a fact that has proved significant in recent structural studies
nearly 100 years later.

Kemp had mapped 18 dikes at the Bald Head Cliff exposures
and his sketch, redrafted in his original style, is presented as
Figure 4. The crosscutting relations reported by Jackson (1838)
and Hitchcock (1861) were verified by Kemp’s mapping and
interpretations.

The petrographic examination of these dikes led Kemp to
propose a "type" example as a holocrystalline olivine diabase.
All other dike types were thought of as "structural deviations"
from the "type"” olivine diabase. Three different petrographic
varieties were recognized in the Bald Head CIliff exposures.
These include the olivine diabase, a melaphyre (a dark feldspar
phyric basalt with fine-grained mesostasis) and an augite por-
phyrite. The first chemical analysis of these dike rocks was also
reported by Kemp (1890). The analyzed sample was from the
large augite-porphyrite just below Bald Head CIiff that had
earlier caught the attention of Jackson (1838).

THE EARLY 1900’s
F.J. Keeley (1914) stated that "it would probably be difficult

to find a more remarkable display of igneous rocks than that
along the coast of Maine, south of Ogunquit.” Keeley's work
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Figure 2. General geology of the southern Maine area (modified after Hussey, 1962) that includes the major Mesozoic intrusive
complexes and the coast-parallel dike swarm. Dikes are shown schematically as short bold lines in coastal exposures only and do

not include dikes in inland exposures.
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Figure 3. Dike intrusion relations depicted in Jackson (1838) from
observations at Bald Head. No scale included in the original diagrams.

was primarily a petrographic study of dike rocks found near
Ogunquit, Maine and Pigeon Cove, Massachusetts. The
localities examined by Keeley included outcrops around a small
cove on Israels Head and exposures south of Perkins Cove at
Spouting Rocks in Ogunquit. Keeley was decidedly impressed
with the diverse array of dike types in these exposures. To quote
Keeley (1923) "These dikes form an interesting and puzzling
group. In less than 100 ft. we have a half dozen rocks ranging
from acidic to basic and differing not only among themselves but
from any others in the district.” The dike types reported by
Keeley included diabase (plagioclase-porphyrite, coarse-
grained, pyritic, and calcite-filled vesicular varieties), trachyte
(with kaolinitized orthoclase), rhyolite, and granitic quartz por-
phyry.

A xenolithic dike south of Perkins Cove caught Keeley’s
attention, one of several in these exposures later studied by
Powers (1915) and featured as a photograph in Hussey’s (1962)
report. The dike was a diabase porphyrite (plagioclase
phenocrysts) with altered syenite xenoliths (orthoclase
phenocrysts with riebeckite) related to the nearby Agamenticus
alkaline intrusive complex.

S. Powers (1915) reported on investigations into "the origin
of the inclusions in dikes." Powers’ investigations involved
dozens of dike localities from around the world including a stop
at Ogunquit, Maine, as one of several examples of "rising in-
clusions.” The locality visited by Powers is halfway between
Perkins Cove and Bald Head. These exposures were described
as "thick-bedded slates...intruded by vertical trap sills of two or
three generations, the older being porphyritic." The xenolithic
dikes were described as "inclusion-bearing sills."

The particular dike examined by Powers is of the older
porphyritic type, an augite-biotite kersantite. The composition
of the numerous xenoliths observed includes granite, coarse- and
fine-grained syenite, aplite, slate, and vein quartz. Powers
described the nature of the fused contacts and resorption of
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Figure 4. Dike intrusion relations at Bald Head as depicted by Kemp
(1890). No scale or north arrow included in the original diagram. Refer
to Figure 6 for comparison.

xenoliths in relation to the development of chill margins along
exposed sections of the dike.

By this time, largely owing to the work of F. J. Katz (1917)
with the U.S. Geological Survey, the intrusive rocks (dikes and
other Mesozoic intrusions) were being included in the inter-
preted geologic history of southern Maine. A. Wandke (1922a)
conducted perhaps the first extensive study of these igneous
rocks in his paper titled "The intrusive rocks of the Portsmouth
Basin." Wandke’s description begins "the dikes, because of their
number, their wide range in composition and the manner and
order of their intrusion form a group of rocks well-deserving of
more detailed study." He reiterates that "the best display of dikes
occurs along the coastal section from Perkins Cove (south) to
Brave Boat Harbor." In addition to descriptions of the dike
rocks, Wandke’s investigations provided the first mapping and
lithologic-petrographic descriptions of the Agamenticus alkaline
igneous complex (1922a) and the Cape Neddick gabbroic com-
plex (1922b).
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Wandke (1922a) found the dike compositions to range from
olivine-bearing lamprophyre through diabase, diorite, and
granite porphyry to paisanite and aplite. The dikes were sub-
divided into two groups generally considered to be earlier and
later than the "stocks and batholiths." The earlier group con-
sisted of diabase (as the oldest) and variations to quartz diorite
(with lighter flow layering) and lighter dikes of granite porphyry
(with feldspar and quartz phenocrysts). The second group of
dikes consists of two subgroups of "diaschistic dikes" that in-
clude paisanites (a single exposure), camptonites (with poikilitic
hornblende) and tinguaites (with aegirite needles) associated
with the alkaline Agamenticus complex and a still later series of
aplites and late diabases that crosscut all other rocks.

J. C. Haff (1939) presented the first detailed structural and
petrographic investigation of the "multiple dikes of Cape Ned-
dick." The dikes were described as "extraordinarily numerous",
in places comprising "more than 25% of the rocks exposed.”
Haff (1939) was primarily interested in the multiple dike in-
trusions (with each dike developing its own chill margins) ex-
posed along the southern shoreline of the Cape Neddick
Peninsula. The composite dikes (mafic dikes with unchilled
felsic interiors) and a single alkaline vitrophyre dike were the
subjects of later papers (Haff, 1941, 1943). Haff (1939) intro-
duced terms such as suite, complex, component, member, epoch,
stage, and group in his descriptions of the dike intrusion. Per-
haps his most useful terms in describing the intrusive relations
were intrasectate (reintrusion within an earlier dike) and ex-
trasectate (reintrusion along the margin of an earlier dike).
Variations in these relations led to the development of braided
multiple dikes.

Haff collected specimens of 338 "minor intrusions" along
the south shore of the Cape Neddick peninsula. The
petrographic varieties found in these exposures included diabase
(olivine, plagioclase-porphyritic, augite-porphyritic, acicular
plagioclase, and modified varieties); porphyrites (hornblende-,
augite- and diorite-); basalt (olivine); lamprophyre (augite,
modified); basic (modified, meta-); and felsic (granophyre, fel-
sophyre, hornblende granite, aplite, quartz porphyry, bostonite,
and augite andesite).

In reference to the association of dikes and the soda granite
at Agamenticus and the Cape Neddick gabbro, Haff states "each
of these intrusions contains its own suite of dikes whose mem-
bers are not, however, involved in multiple relationships with
one another." In addition to the two distinct suites of post-
alkaline granite and post-gabbro dikes, Haff recognized at least
two intrusive phases of dikes that were generally older than the
intrusive complexes. These dominantly basic dikes consisted of
the multiple dike suite with both mafic and felsic members
oriented at N40-45°E and a later set of basic dikes without
multiple relations that transect the earlier dikes at large angles
(northwest-trending). Several stages of intrusion were apparent
in the "highly involved complexes” in the multiple earlier dike
set.

THE 1960’s

Hussey’s (1962) report was the first comprehensive descrip-
tion of the bedrock lithologies, their distributions, structure, and
the geologic history within the southern York County area (see
Fig. 2) which serves as host to the intrusion of the coast-parallel
dike swarm. Field and petrographic studies helped to subdivide
the Mesozoic igneous rocks into the alkaline complex at
Agamenticus (correlated with the White Mountain plutonic-vol-
canic series), small circular to elliptical basic complexes, and the
basaltic to rhyolitic dikes.

Hussey’s description of the major group of dikes noted that
"they are most abundant in the coastal areas and tend to become
scarcer inland, in the vicinity of Berwick and Sanford, they are
rare,” suggesting the presence of a well-defined coast-parallel
dike swarm. Two general age groups of dikes were distinguished
based on observations along exposures from Bald Head CIiff,
York, to Perkins Cove, Ogunquit. Dikes of the older group were
found to be more numerous, from 15 ¢cm to 15 m in width and
intruded parallel to the upright bedding in the Kittery Formation.
Dikes of this group were also "more diversified as to type and
texture" ranging from diabase and basalt to rhyolite. Several
subgroups could be separated locally based on crosscutting
relations. This group would include the first (older porphyritic)
and second series of dikes reported by Jackson (1838) and
Hitchcock (1861). Dikes of the younger group were found to be
"rather narrow and transect the bedding and the dikes of the older
group at nearly right angles” (northwest-trending) and consist
only of "deep rusty red basalt." This younger group would
correlate with the third series of scoriaceous dikes of Jackson
(1838) and Hitchcock (1861).

The interrelationships between the intrusive complexes and
the major group of dikes within the coast-parallel dike swarm
was "of paramount importance" in determining the age relations
of the basic complexes with respect to the Agamenticus complex.
In this regard, Hussey (1962) states that "numerous dikes cut the
alkaline granite and nowhere is the reverse observed" whereas
all diabase dikes were found to be cut by the normal gabbro of
the Cape Neddick gabbroic complex. The few dikes within the
basic complexes were thought "to be related to the complexes
and not to be part of the major group of dikes." The major group
of dikes was thought to be generally of the same age, being
intermediate between the Agamenticus and Cape Neddick com-
plexes.

A few years later, Gaudette and Chapman (1964) focused
on the late structural and intrusive history of the Cape Neddick
gabbro complex. Their study included the minor mafic dikes
within the complex referred to by Hussey (1962) as well as a
system of radial and concentric joints. There were 18 small basic
dikes found within the intrusive complex, generally less than a
foot in width. All of these dikes showed extensive recrystalliza-
tion and alteration resulting in a hornfelsic texture. The mafic
dikes were found to be distributed in a radial pattern and closely
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associated with intermediate to granitic phases. This assemblage
of intrusions and structures was interpreted by Gaudette and
Chapman (1964) as "a later minor explosive phase...a sudden
doming action accompanied by the injection of only a few thin
mafic dikes." This late structural and intrusive phase was
thought to have displaced the central portion of the complex
upwards as a "single conical block isolated by cone fractures."

Additional investigations in the 1960°s included a study of
wall-rock alteration at the Cape Neddick gabbro (Woodard,
1968a) and two unpublished studies directly related to host rock
structure and sequence of minor intrusions. Woodard (1968b)
attempted to decipher the complex deformational history of the
Kittery Formation host rocks and its effects on dike intrusion and
recognized host rock deformation peripheral to the Agamenticus
and Cape Neddick intrusive centers. Woodard (1969) suggested
the development of three spatially overlapping, sequential fel-
sic-mafic intrusive cycles in these exposures related to the
central intrusive complexes at Agamenticus, Cape Neddick, and
an hypothesized center near York Harbor.

Two age studies in the 1960’s included a whole rock Rb/Sr
determination of 22743 Ma for the Agamenticus complex
(Hoefs, 1967) and a fission track age of 11919 Ma for apatites
in the Cape Neddick gabbro by Christopher (1969). Additional
isotopic age determinations (K/Ar, biotite) were reported
through the 1970’s that included ages of 216+4 Ma (Foland et
al., 1971) and 228+5 Ma (Foland and Faul, 1977) for Agamen-
ticus and 11632 Ma (Foland and Faul, 1977) for Cape Neddick.
These reported ages appear to confirm the earlier ages of Hoefs
(1967) and Christopher (1969) for these intrusive complexes.

CURRENT RESEARCH IN THE 1980°S

A study by McHone and Trygstad (1982) on the Mesozoic
dikes of southern Maine provided a brief regional survey of the
orientations and mineralogies of approximately 50 dikes
throughout the southern Maine area, recognizing Early Jurassic
dolerites and Jurassic to Cretaceous lamprophyres. Major oxide
compositions of 9 of these dikes indicate that alkalic and
tholeiitic (quartz and olivine normative) dolerites are repre-
sented (McHone and Trygstad, 1982), but did not include any
dikes from the specific area of this report. Orientations were
dominantly N30°E with a second maximum at N60°E. These
dike trends are similar to those within the coastal exposures
discussed in more detail below. McHone and Butler (1984) in a
broader study of igneous provinces throughout the northeast
included the coast-parallel dike swarm in their coastal New
England igneous province. McHone (1984) has compiled dike
ages for Maine and the rest of New England. Dolerite dike ages
were found to range from 235-165 Ma. Ages for dikes within
the coast-parallel dike swarm of this report are few, with ages of
216 and 224 Ma reported (McHone, 1984) for dikes near
Seabrook, New Hampshire.

Hussey et al. (1984) focused primarily on the structural and
sedimentologic characteristics of the Kittery Formation but in-
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cluded a detailed map of the structure and dike intrusions in the
Marginal Way exposures of Ogunquit. Several phases of dike
intrusion are apparent in these exposures including a few "pre-
S3" trachytic intrusions related to Agamenticus.

The remaining sections of this report are based on Ph.D.
investigations and post-doctoral research that began in 1980.
This research has covered four summer field seasons (1980,
1981, 1984, and 1986) and is still in progress at this time. Initial
studies were focused on the structural and intrusive relationships
within the abundant Mesozoic dikes that are found in the near-
continuous coastal exposures in southern Maine. The areas of
study which afforded the best exposures (see Fig. 2) were be-
tween Perkins Cove, Ogunquit and south to Gerrish Island,
Kittery in southernmost Maine.

A continuous outcrop mapping technique was developed as
an accurate method of recording field data on a series of detailed
base maps. The construction of the detailed base maps begins
with the preparation of individual field maps by outcrop grid
mapping using intersecting 100 foot measuring tapes at a scale
of 1:240. The individual field sheets are reduced into a com-
bined mosaic for each subarea at a scale of 1:480. At present,
mosaic map sheets for 14 subareas have been completed or are
nearing completion covering over 12 kilometers of coastal ex-
posure. The resulting mosaic map sheets at a scale of 1:480 are
being used to study the intricate intrusive relations in terms of
the varying orientations, structural styles of intrusion, crosscut-
ting relations, and dike types preserved in these exposures in an
effort to establish a composite sequence of minor intrusion for
the entire map area.

Dike Swarm Structure

Characteristic dike swarm parameters for the coastal dike
exposures include a regional average for dike thickness of 1.12
m/dike; dike intensity of 137 dikes/km; and crustal extension of
16.6% (Swanson, 1982). Maximum observed dike thickness
was 24 meters, while a maximum crustal extension of 22% was
calculated for the exposures along the Cape Neddick Peninsula.

Dike orientations within the coast-parallel dike swarm were
studied in relation to possible preexisting structural control on
the pattern of dike intrusion. Average dike orientations from
over 1600 dikes (Swanson, 1982) in six subareas throughout the
coastal exposures were found to vary systematically from N25°E
at Gerrish Island through N45°E at Cape Neddick to N60°E at
Bald Head (Fig. 5). This systematic dike trend variation is
interpreted to represent a northward increase in the degree of
preexisting structural control by the N60°E-trending upright
beds of the Kittery Formation. At Bald Head, where structural
control is most prominent, there is a bimodal distribution of dike
orientations of N45°E and N60°E. This is shown clearly in the
dike trend histogram for Bald Head (Fig. 5) and in the recently
mapped pattern of intrusions in these exposures (Fig. 6). These
are the same exposures visited by Jackson (1838), Hitchcock
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Figure 5. Comparative histogram of dike segment orientation for six
subareas along the southern Maine coast. The systematic dike trend
variation is interpreted to reflect an increasingly predominant preexist-
ing structural control toward the northern Bald Head exposures.

(1861), and Kemp (1890). Kemp’s dike map is also included as
Figure 4 in this report.

The bimodal dike trend distribution for the Bald Head
vicinity reflects a dominant control on the pattern of dike in-
trusion by the N60°E bedding-anisotropy as well as a N45°E
oblique-cleavage anisotropy in the pelitic schistose units of the
host Kittery Formation. The N60°E bedding-anisotropy repre-
sents the upright limbs of gently-plunging F> regional isoclinal
folds originally defined by Hussey (1962) and discussed in more
detail by Hussey et al. (1984). The uniformity of fold limb
orientation and the alternating quartzite and metapelitic units of
the turbiditic Kittery Formation creates a pervasive N60°E-
trending vertical planar anisotropy (see Fig. 1) throughout these
exposures. This anisotropy strongly controls the dike segment
orientation by dilational reactivation during intrusion.

The N45°E cleavage-anisotropy represents a slip cleavage
within the schistose beds of the Kittery Formation suggesting
layer-parallel dextral shearing of the host rocks to these in-
trusions (Swanson, 1982, 1984). It was this "oblique slatey
cleavage" that was first noted by Kemp (1890). This anisotropy
is also developed as an axial plane cleavage associated with steep

to y1oderately plunging asymmetric z-shaped F3 folds (Swanson,
1984). F; folds become more inclined northward in the Marginal
Way exposures (Hussey et al., 1984), but the cause of this
relationship is not clear at this time.

As a result of the prominent control on dike orientation by
preexisting structures, the measured directions of horizontal
extension (opening directions) become a more accurate repre-
sentation of the overall dike swarm trend and the orientation of
minimum principal stresses than simply the average orientation
of any exposed, structurally-controlled dike segments. A brief
survey of opening directions for intruded fractures suggests that
many of the N60°E bedding-parallel dikes in the Bald Head area
have a sinistral component to their dilation, suggesting a more
northerly oriented regional, extensional dike system. Detailed
study of opening directions for dike-intruded fractures and the
overall pattern and distribution of extensional strain is currently
in progress.

The structure of the dike terminations was of particular
interest in the early phases of this study (Swanson, 1982, 1983,
1988) as these structures are exquisitely developed in the ex-
posures. Dike terminations in en echelon pairs were found to
vary from simple tapers to interconnected transform-faulted
segments as well as rotated slab, rotated block, and a rare
kink-type dike termination structure (Swanson, 1988). Several
examples of en echelon dike terminations can be seen in Figures
6 and 7. These dike terminations were interpreted to have
developed at the onset of mechanical interaction between the en
echelon fracture tips during dilation. This mechanical interac-
tion results in tip-to-tip and tip-to-plane styles of structural
development. These structures and observations helped lead to
the interpretion of these dikes as having intruded into upward-
flaring propagating fracture systems.

Felsic Intrusive Features

Detailed mapping during these earlier investigations also
revealed a subtle vertical zone of concentric extensional fracture
fabric development within the host rock about the Cape Neddick
gabbro complex (Swanson, 1981, 1982). A late phase of
rhyolitic magma was injected into this fracture zone. The frac-
ture fabric zone may vary from a subtle fracture cleavage in the
Kittery Formation and earlier basalt host rocks to veined fabrics
and localized breccia zones upon injection. This zone of near-
vertical fracturing may be related to the radial mafic dikes within
the gabbro itself and the late doming pulse described earlier by
Gaudette and Chapman (1964) as a late phase of steep vertical
cone fracturing. Earlier interpretations (Swanson, 1981) con-
sidered these structures as vertical fabric zones that would lead,
through brecciation and felsic intrusion, to the development of
vertical felsic ring dikes and associated xenolithic screens.

Mapping of igneous explosion breccia bodies (Swanson,
1982) at Gerrish Island (first described by Hussey, 1962) also
showed an association with felsic rhyolitic melts as sheath
structures about the nearly matrix-free vent breccias and as
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Figure 6. Detailed dike intrusion relations at Bald Head indicating a preexisting structural control on dike segment orientation by a
near-vertical N60'E (So) bedding-anisotropy and a near-vertical N45°E (S3) cleavage-anisotropy. Gently-plunging F2 isoclinal folds
are responsible for the bedding-anisotropy. Early dextral shear localized along early mafic(?) dike, moderately-plunging z-shaped

asymmetric folds, and reoriented quartz boudins are associated with the slip and axial plane cleavage.

Several phases of

northeast-trending dikes are present which are crosscut by the younger north-northwest-trending dike phase. All dikes, bedding (So),
and cleavage (S3) in the Kittery Formation are steeply dipping to vertical in orientation

individual dikes. Basalt dikes occur as fragments in the breccias
and as younger crosscutting dikes. Locally, lamprophyric dikes
cut the breccias and associated basaltic dikes and were found to
carry an amazing collection of plutonic xenoliths. These
plutonic xenoliths range in composition from gabbro and
homblendite to syenite. This assemblage of minor intrusions
and structures was interpreted (Swanson, 1982) to represent the
near surface expression of a White Mountain-type central in-
trusive complex (Fig. 2) developed at some depth below the
present erosion surface. Both the coast-parallel positive gravity
anomaly of Bothner and Harrower (1973) and the recently
discovered submarine exposures of quartz syenite, 3.5
kilometers offshore of Gerrish Island reported by Brooks (1986),
may be expressions of this largely subsurface central intrusive
complex. The coast-parallel gravity anomaly may in part be due
to the intensity of dike injection within the coast-parallel dike
swarm.
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The minor structural and intrusive development in the ex-
posures immediately adjacent to the Agamenticus alkaline
syenite complex has been interpreted in terms of host rock
deformation related to the intrusive emplacement of the various
phases of the Agamenticus complex (Swanson, 1984). An early
ductile phase of host rock deformation appears to have been
dominated by layer-parallel dextral shear localized within the
pelitic layers of the Kittery Formation. This resulted in the
development of steeply-plunging, z-shaped asymmetric folds,
the N45°E near-vertical oblique cleavage, the reorientation and
boudinage of preexisting en echelon quartz veins, and vertical
N45°E dextral shear zones, a few of which appear to deform
early mafic dikes. Near the more southeasterly contact of the
Agamenticus complex, outwardly directed stresses would be
oriented perpendicular to the bedding anisotropy where at least
one northwest-dipping mylonitic thrust surface (approximately
0.5 meters thick) can be observed along the Cape Neddick
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Figure 7. Detailed dike intrusion relations along exposures near Cragmere (1.5 km south of Bald Head) indicating an early aplitic
phase of intrusion (stippled with arrows in dip direction), several phases of northeast-trending basalt intrusion and a later phase of
north-northwest-trending basalt intrusion (hachured and as single lines). All dikes and bedding (Sp) in the Kittery Formation are

steeply dipping to vertical in orientation.

peninsula. Early inclined trachytic sheets and dikes, some of
which have been involved in this phase of host rock deformation,
suggest that the forceful intrusion and lateral expansion of the
central syenite stock at Agamenticus may have been associated
with this early phase of deformation. A later brittle phase was
dominated by layer-parallel dike intrusion along the preexisting
N60°E bedding-anisotropy as well as the N45°E cleavage-
anisotropy. Dike intrusion was accompanied by conjugate kink
development due to sub-horizontal, layer-parallel compression
outward from the central intrusive complex. The development
of numerous northeast-trending composite dikes with rhyolitic
centers would suggest that this late brittle phase of structural-in-
trusive development was contemporaneous with the later
granitic and quartz syenitic intrusive phases at Agamenticus.

Intrusive Model

A general interpretive model for the style and sequence of
intrusion within these exposures was formulated following the

linear dike swarm - central intrusive complex model of Sloan et
al. (1969) and Speight et al. (1982) and a composite magma
chamber model for central intrusive complexes after Chapman
(1976) and Walker (1975). The linear dike swarm model of
Sloan et al. (1969) and Speight et al. (1982) was based on studies
in the Tertiary igneous province of northwest Scotland.

An intricate and complex relationship is thought to exist
between the multi-phase dike intrusions of the prominent coast-
parallel linear dike swarm and the mafic-felsic minor intrusions
associated with the central intrusive complexes at Agamenticus,
Cape Neddick, and at Gerrish Island. Some of these relation-
ships are illustrated in the dike map of Figure 7. The expected
complexities in dike intrusion relations as a result of this model
would include overlapping mafic-felsic injection cycles, multi-
phase dike intrusion histories, complex crosscutting relations
between dikes of the prominent linear northeast-trending swarm
and radial and concentric dikes directly related to the central
intrusive complexes, and a complex relationship between host
rock deformation, metamorphism, and the history of dike in-

87



M. T. Swanson

trusion about the central intrusive complexes. The observed
trend variations for dikes of the northeast-trending linear dike
swarms had been interpreted earlier (Swanson, 1982) as possibly
separate linear swarms centered about each of the central in-
trusive complexes. However, a more continuous swarm struc-
ture is now envisioned with trend variations due to preexisting
structural controls in the host rocks.

Recent investigations during the 1984 and 1986 field
seasons have expanded the detailed base map area. The resulting
base maps can now be used for continuing detailed structural
analysis and to begin a comprehensive petrographic study to
characterize the different intrusive phases and in particular to
discriminate amongst the various mafic dikes found in these
exposures.

Preliminary results (Swanson, 1986) indicate a sequence of
minor intrusions that includes two (or more) main phases of
mafic dike intrusion (here referred to as basalt) within the
northeast-trending linear dike swarm; an older, gray-weathered,
epidotized, feldspar-phyric basalt and a younger, red-weathered,
pitted, feldspar and pyroxene-phyric basalt. These main phase
dikes are typically 3-8 m in width but many thinner dike seg-
ments are exposed. The main phase basalts were preceded by an
early peripheral Agamenticus sequence of intrusions that con-
sists of pre- to syn-contact, boudined quartz veins, early dextrally
sheared mafic (?) dikes up to 20 cm in width and early blue-
weathered trachyte dikes, up to 50 cm in width. All of these early
intrusions show evidence of involvement in the local develop-
ment of early ductile to early brittle structural assemblages
related to the host rock deformation described above. Early
post-contact intrusions include additional blue-weathered
trachytes up to 1.0 m in width, thin low-angle felsic aplitic sheets,
generally 1.0 cm in width (but up to 1.0 meter), and early thin,
(up to 1.0 meter) fine-grained gray-weathered, finely feldspar-
phyric to aphyric basalts, all with a variety of orientations.

The northeast-trending main phase mafic dikes are also
followed (with some overlap) by a late peripheral Agamenticus
sequence of intrusions that consists of trachytic thomb-feldspar
porphyries up to 2.0 m in width, orange-weathered rhyolite
felsites as 1.0 meter-wide dikes and larger irregular inclined
sheets, sporadic plutonic-xenolith bearing lamprophyric dikes
up to 0.5 m in width, felsic breccia dikes up to 0.5 m in width
and a late phase of northwest-trending, rusty-weathered, sulfidic,
feldspar-pyroxene-phyric basalts up to 1.0 m in width. The late
phase basalts are associated with a final phase of rusty-weathered
calcite mineralization in fractures.

Peripheral Cape Neddick intrusions include inclined mafic
and felsic (cone) sheets and a late phase of felsic melt that
intrudes the concentric, extensional fracture fabric around the
intrusion and forms the matrix for some local breccias. Addi-
tional dike phases associated with the Cape Neddick complex
include xenolithic hornblende lamprophyre dikes (as described
by Haff, 1939) and associated intrusive bodies that form the
agglomerate phase at Cape Neddick as described by Hussey
(1962). Minor intrusions of the Cape Neddick complex clearly
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crosscut the members of the main northeast-trending basalt
dikes.

Minor intrusive phases above and adjacent to the Gerrish
Island igneous complex include the explosion breccias and as-
sociated felsic rhyolitic melts, felsic breccia dikes and plutonic
xenolith-bearing lamprophyres. Breccias of the Gerrish Island
igneous complex appear to be contemporaneous with the main
northeast-trending linear basalt dike swarm.

Research in progress is concentrating on adding structural
details to the subarea mosaic map sheets, detailed field descrip-
tions of compositions and textures for the dike phases, particular-
ly the mafic dikes, sampling of the characteristic dike types, and
beginning a comprehensive petrographic and geochemical
study. This detailed approach is necessary in order to fully
characterize these intrusive phases and their complex inter-
relationships.

CONCLUSIONS

The Mesozoic dikes of southern coastal Maine, as perhaps
one of the best series of dike exposures anywhere in the world,
have attracted the attention of geologists for 150 years (Jackson,
1838; Hitchcock, 1861; Kemp, 1890; Keeley, 1914; Powers,
1915; Wandke, 1922a; Haff, 1939, 1941, 1943; Hussey, 1962;
Gaudette and Chapman, 1964; Woodard, 1969; Swanson, 1982,
1983, 1984, 1986, 1988, and in progress). The exposures at Bald
Head and Cape Neddick, in particular, are truly classic geologic
localities serving as the focus of several geologic investigations.
As aresult of these concerted research efforts the dike types, their
orientations and intrusive sequences in these exposures can now
be interpreted to represent a complex interaction between the
main northeast-trending linear dike swarm, minor intrusions
related to the Agamenticus and Cape Neddick central intrusive
complexes and preexisting structures in the host rocks. Field
relations suggest at least two main phases of intrusion within the
northeast-trending mafic dike swarm as well as a variety of
minor mafic and felsic intrusions related to each of the central
intrusive complexes.
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