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ABSTRACT
An analysis of the gravity field over southeast coastal Maine was done to
determine subsurface mass distribution and shapes of plutonic rocks of the
Bays-of-Maine Igneous Complex. The Bouguer anomaly map over the area shows a
regional increase from values of -15 mgal in the northwest to values of about
+25 mgal over the southeastern coastal region with local anomalies associated
with igneous rocks. Over granitic rocks residual gravity values are as great
as -25 mgal, but the gabbroic rocks of 'the Bays-of-Maine Complex only locally
show distinct positive anomalies. Two dimensional calculations indicate the
gabbroic plutons at Pleasant Bay, Pocamoonshine Lake, Gardner Lake and Meddybemps
Lake appear to be sheetlike masses characterized by large width to depth ratios.
The Pleasant Bay Gabbro has a maximum thickness of 4.0 km along its exposed
30 km length; the Pocomoonshine Gabbro-Diorite is about 1.5 km thick. Younger
granitic plutons have much lower width to depth ratios; the Cooper Quartz Monzonite
has a maximum thickness of about 6.5 km. Other stocklike granites have somewhat
shallower thicknesses.
The location of gravity anomalies form a crude alignment in a N 30° E direction.
A secondary alignment may be N 55° E which is parallel to the regional tectonic
axis. Both gabbroic and granitic mass centers apparently lie at intersections of
these trends. The pattern of intrusive centers and the shape of the plutons suggest
that pre-existing faults may have controlled the location of many intrusions.

INTRODUCTION
Chapman (1962) reported the presence of a belt of igneous rocks, the Baysof-Maine Igneous Complex, which occurs throughout the southeastern Maine coastal
area. The complex is composed principally of gabbroic and granitic rocks, is
middle Paleozoic in age, and trends parallel to the tectonic axis of the Appalachians. Younger granites crosscut the rocks of the complex so that the original
extent is not known. Chapman suggested that the gabbroic rocks were emplaced
within and below a thick volcanic pile that formed slightly before the intrusion
of the gabbro. He further suggests that the igneous rocks form a large stratiform basic complex similar to the Bushveld complex.
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This study is an analysis of the gravity field over a large portion of the
Bays-of-Maine Complex in Washington County, Maine; it presents an interpretation
of the mass distribution of the granite and gabbro plutons. The gravity field
over the southeast coast of Maine is dominated by numerous anomalies which are
associated with mafic and granitic plutons; however, there is a strong regional
gravity gradient. A major objective of this study is to isolate the gravitational effect of the plutons from the regional gravity field so that the mass
distribution of the plutons can be determined. The determination of the mass
distribution of the plutons can provide important information concerning the
nature of emplacement of the igneous rocks in the area.
BAYS-OF-MAINE IGNEOUS COMPLEX
Southeastern coastal Maine is primarily underlain by multiply-deformed,
early Paleozoic metamorphic rocks, Siluro-Devonian volcanic and sedimentary
rocks and granitic and mafic intrusive rocks. Chapnan (1962) termed the gabbroic
and associated granitic rocks of the igneous belt, which is a minimum of 32 km
wide and 275 km in length, the Bays-of-Maine Igneous Complex. Plutons associated
with the complex occur from Mt. Desert Island, Maine to New Brunswick, Canada.
The two intrusive phases are thought by Chapman to be essentially contemporaneous
and he suggests that in places granitic rocks form a discontinuous capping over
the gabbroic rocks. Large exposures of gabbroic rock are found at Pleasant Bay
and at Cutler along the coast, at Peaked Mountain Pond and at Gardner Lake in
the central portion of the map area and at Pocamoonshine Lake and Meddybemps Lake
in the northern portion of the map (Fig. 1). Those plutons will be referred to
by these local names. The gabbroic phase has a wide range in composition with
norite, gabbro, quartz gabbro, ferrogabbro and hornblende gabbro-diorite abundant.
The gabbros exhibit compositional layering to various degrees with rhythmic and
phase layering and igneous laminations (Amos, 1963; Bickford, 1963). Some of
the gabbroic bodies are massive and, in places, fine to medium grained over much
of their extent. Westerman (1973) suggests that the exposed portion of. the
Pocamoonshine Gabbro-Diorite exhibits inverse cryptic and phase layering, and
represents the roof of a layered gabbroic pluton. The granophyric phase of the
Bays-of-Maine Complex ranges in composition from quartz-diorite to granite.
The Bays-of-Maine Complex is intruded by a series of younger granites
ranging in surficial shape from small circular bodies (5 km in diameter) to
large batholithic bodies. According to Chapman (1968a) the geographical locations of these granites form a crude lattice arrangement and he proposed the
existence of two steeply dipping sets of fractures, the intersections of which
provided pathways for the intrusion of the granitic magmas.
The plutons have intruded greenschist facies metamorphic rocks in the
northern portion of the study area that are Cambrian to Devonian sedimentary
and volcanic rocks. On the west in contact with the Poc~moonshine and Peaked
Mountain Pond gabbros, a wide zone of steeply dipping regionally metamorphosed
quartzites, mica schists, phyllites, slates and gneisses are exposed. All
plutonic rocks in contact with these rocks show intrusive relationships. The
rocks has been folded into northeast trending isoclinal folds with steeply
dipping axial planes prior to the intrusion of the mafic magma. Amos (1963)
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studied the plutonic rocks near Calais and noted that layering in the Calais
Gabbro-Diorite Complex coincides with bedding and foliation and, on this basis,
concluded that in this area the gabbroic complex intruded while the sediments
were essentially horizontal. Adjacent to the Peaked Mountain Pond gabbro and
the Pleasant Bay gabbroic rocks, the schist of Columbia Falls (greenschist,
greenstone and conglomerate) was metamorphosed to proxene hornfels near the
contact of the intrusive rocks (Gilman, 1961).
I

D
~ Younger Granites
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Figure 1.

General geology of a portion of the Bays-of-Maine Complex.
The location in the insert shows the location of the study.
Location of profile D-D 1 is shown. General geology west
of latitude 67°45 from Doyle (1967); geology in eastern
part from Gates et al. (1977) and Westerman (1979).
1

The Silurian-Devonian rocks of the coastal volcanic belt are found principally north of the Lubec fault and south of the Cooper Quartz Monzonite and
are variable in lithology and thickness. The amount of interbedded sedimentary
strata increases in the younger formations and implies that the amount of volcanic activity decreased over time (Gates, 1969). Basaltic volcanics predominate
in the oldest volcanic suite, and intermediate to acidic volcanic rocks are common
in the succeeding formations. The upper parts of these Silurian-Devonian
coastal units are shale, mudstone and siltstone, which are largely free of
volcanics (Gates, 1969).
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Bouguer Gravity Map
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Figure 2.

Bouguer Anomaly Map of the area. Station locations are
shown as dots. GD-granodiorite; GA-gabbro; GR-granitic
rocks; V-metavolcanics and metasedimentary rocks. Geology
from Gates (1977) and Westerman (1979),
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The entire area has been subjected to extensive faulting and folding so
that a complete section through the gabbroic-granophyric phase is not known
(Chapman, 1962). The faults have a preferred orientation in three directions.
One preferred orientation parallels the coast and includes the major Lubec
Fault, another trend strikes approximately north-south and the third is approximately N 35°W (Gates et al., 1977). Major faults are usually steeply dipping
or nearly vertical. Some of the faulting is associated with the middle Devonian
Acadian orogeny although movement along some of the coastal faults continued
through the Jurassic.
Though the Taconic Orogeny began in the northern Appalachians in the
Ordovician, the major tectonic activity in Maine occurred during the middle
Devonian Acadian Orogeny (Osberg, 1978). The coastal area of southeastern Maine
experienced intensive volcanism, beginning during the middle upper Silurian and
continuing into early Devonian time. Faul et al. (1963) suggested that the
isotopic ages of the younger granitic rocks in the area indicated two separate
events approximately 360 and 390 m.y. age. Pajari et al. {1974) report that
granitic rocks that intrude the gabbros of the Bays-of-Maine Complex range in
age to as early as 412 m.y. Westerman (1973) reports K-Ar dates of 423+24 m.y.
and 408+14 m.y. from magmatic hornblende and biotite, respectively, from the
Pocomoonshine Gabbro-Diorite. Therefore, parts of the Bays-of-Maine Igneous
Complex may be as old as late Ordovician.
Belt (1968) proposes a rift valley or graben system in the Fundy Basin
behJeen northern Nova Scotia and southern New Brunswick. Development of the
rift probably began during the Devonian and continued until Jurassic time.
The northern boundary of the rift zone may be defined by the Lubec Fault (see
Fig. 1) and its extension in New Brunswick (Belt, 1968). Cumming (1967) traced
the Lubec Fault northeast for 115 miles in New Brunswick where it coincides
with the·Belleisle Fault, along which dextral strike-slip movement is proposed.
Some movement occurred in the rift zone before intrusion of the Acadian granites
in central Nova Scotia (Fyson, 1966).
GRAVITY MEASUREMENTS
In this study a total of approximately 600 gravity stations were occupied
with a station spacing of about l to 2 km except over areas of dense forest
coverage. In a previous regional gravity study of Maine, Kane and Bromery
(1966) established a nebiork of approximately 100 stations in the area. Many
of these stations were reoccupied and were found to correspond with our data
to within +.2 mgal. Terrain corrections were made for 42 stations and ranged
in value from .09 to .56 mgal; 11 stations had corrections greater than .4.
The elevations for about 30 percent of the gravity stations were determined
from the water levels of lakes. These elevations are estimated to be accurate
to + 2 meters. Ten percent of the station elevations were obtained by altimeters
(accuracy+ 3 meters). All other station elevations were from U.S.G.S. bench
marks,
-Bulk densities of the rocks were determined using a Beckman (Model 930) air
comparison pycnometer; the weights are measured on a Mettler {Type Hl5) balance.
Densities were determined for 140 samples and the densities for rock types are
given in Table l.
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TABLE 1 . DENSITY DATA FOR THE TOTAL STUDY AREA

Ga bbro-d i or ites
Granitic rocks
Vo lean ic roe ks
Metased iments
Schist of Columbia
Falls

No. of
Samples

Range
(gm ./cm. 3)

Avg.
(gm. /cm. 3)

47
39
40
8

2.85-3.03
2.61-2.68
2.66-2.88
2.69-2.92

2.95
2.64
2.80
2.76

6

2.84-2.92

2.88

Bouguer Anomaly Map. The Bouguer gravity field of Maine generally increases
from northwest to southeast by a series of steps (Kane and Bromery, 1968);
high gradient areas are separated by broad flat zones. The Bouguer anomaly
map of this area (Fig. 2) shows a very distinct general increase in Bouguer
values, regardless of surface geology, from values of -15 mgals or less in the
west to values greater than +15 mgals over similar rock types along the coast.
The general increase in Bouguer values is broken by localized small wavelength
anomalies located over geologic bodies exposed at the surface (Fig. 3). These
distinct wavelength anomalies must be separated in order to obtain an evaluation of the mass distribution of the plutons.
Regional Gravity Field of Coastal Maine. Kane and Bromery (1968) consider that
the variation of the regional gravity field throughout Maine is caused by a
stepwise series of four crustal blocks, bounded by northeast trending faults.
The basement Precambrian rocks within faulted blocks in each case are nearer
the surface towards the coast. Within this area, Kane and Branery propose that
the depth to the top of the Precambrian may be 8 km, and the Precambrian rocks
may be near the surface in the Gulf of Maine. They argue that the upper crustal
source of the regional Bouguer anomaly may be deduced by consideration of gradient
to amplitude ratios and from a generalization that for any given ratio there is
a maximum depth (Dmax) to the disturbing mass (Kane and Bromery, 1968) where
Dmax = (A/3.14S), A= amplitude, S =max. gradient. Amplitude is proportional
to the total gravitational attraction of the anomalous mass while gradient is
dependent on the difference between total attraction at two arbitrary points.
As total attraction decreases with depth {g ~ l/d 2 ), the difference in the total
attraction at the two arbitrary points (both of whose values are decreasing)
will approach zero faster than the total attraction itself. There is thus a
limiting depth for any gradient-amplitude. Below this depth, no mass distribution will produce the observed regional anomaly since to equal the gradient
an amplitude will result which is much higher than the observed. The existence
of a regional gradient in the area is indicated by an anomaly trend sloping
toward the coast that crosscuts exposed rock types. The maximum regional
gradient is about 1.0 mgal/km with a maximum amplitude of about 30 mgals. Using
the above relationship for the regional profile in Figure 3, a maximum depth
of the disturbing mass for the regional field is 9 km. A density contrast within
the upper crust appears to be the cause of the regional anomaly and not the
gravity expression of a warped crust-mantle interface.
The regional gravity for this area was outlined by using two sets of profiles which intersect at right angles; one set of profiles was parallel to
D-D' (Fig. 1). A regional gravity field is estimated for each profile similar
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to Figure 3; where two profiles intersect, gravity values for each profile at
that point must be equal. The individual profiles are adjusted so that at
each point of intersection regional values coincide. The best areas for determining values for the regional field are those free of igneous intrusion.
Northwest of the Bays-of-Maine Complex and within the early Paleozoic metasedimentary rocks, the anomaly map shows a very low gradient at -15 mgal (Fig.
3). This value is assumed to be the lower boundary for the regional field in
the area. The regional field reaches the zero mgal level in the Mt. DesertTunk Lake area (Abbey, 1972), whereas in the Lucerne-Waldo area the gradient
is flat at -9 mgal (Sweeney, 1975). In New Brunswick, the 0~10 mgal isoanomaly
lines parallel exposures of Precambrian rocks and are coincident with the
isoanomaly trend across the Mt. Desert-Tunk Lake area. A gravity study by
Kane, et al., (1972) in the Gulf of Maine indicates that a regional level between
+15 and +25 mgal borders the coastal Maine area. A regional field is thus
defined which nearly parallels the coast and is bounded on the north by a nearly
flat area at -15 mgal. The maximum regional gradient is 1.0 mgal/km in the area
located approximately 40 km inland from the coast.
Residual Gravity Map. The regional anomaly field was subtracted from the Bouguer
anomaly values to obtain the residual gravity anomalies which should represent
the distribution of near surface density contrasts (Fig. 4). The residual
gravity field is dominated by near circular anomalies generally related to
surface exposures of granite or gabbro. A line of negative anomalies trends
in a northeast direction from the Jonesboro granite to a -24 mgal low within
the Cooper Quartz Monzonite. The strong positive anomaly over the Pleasant Bay
Gabbro lies along this belt of anomalies. In general, residual negative anomalies
correspond well to the surface exposure of granite except for a negative anomaly
located over the Gardner Lake gabbro near the Marshfield Granite. This negative
anomaly probably reflects a low density mass located near the surface. Over
the Pocamoonshine pluton a negative anomaly trends east-west across the southern
portion of the body, and low density rocks probably underlie this area.
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Gravity values over the Pleasant Bay Gabbro reach +20 mgal whereas the gravity
field over the Gardner Lake gabbro does not show a continuous strong positive
anomaly. A +16 mgal anomaly is located over part of the western area of the
Peaked Mountain Pond pluton. Other than in these areas the gabbros are characterized by low gradients over contacts.
INTERPRETATION
Since some of the plutonic bodies are circular in plan view, calculation
of two dimensional models of these bodies by the method of Talwani (1959) will
result in a shallower apparent depth of the density contrast. Calculation of
three dimensional models for the Jonesport and Marshfield Granites indicates
that the use of 2-D approximation increases the depth calculations of these
plutons on the order of +0.8 km (Biggi, 1973). The gravity models presented
in Figures 5 and 6 were calculated using 2-D approximations.
Geologic study by Bickford (1963) suggested a thickness of 15,000' for
the Pleasant Bay Gabbro. Using a density contrast of 0.2 gm/cc (Table 1) for
the Pleasant Bay Gabbro, assuming the country rock metamorphics to be 2.76
and gabbro 2.95 gm cc- 1 , the thickness of the layered gabbro complex is calculated to be 4.0 km (13,000
(Fig. 5). The model also indicates that surface
exposures of granodiorite along the profile are underlain by gabbro and that
the extensive Gardner Lake gabbroic pluton seems to be a thin body underlain
by granitic rocks. The Cooper granite may be as much as 6.4 km thick.
1

)

Along profile B-B 1 (Fig. 6), Silurian volcanic rocks and gabbroic intrusions of the Quoddy Block (Gates, et al., 1977) are separated from volcanic
rocks by the Lubec Fault and the density contrast may extend to a depth of
about 3.2 km. The Cooper pluton, along B-B is modeled to a thickness of 6.5
km, and the thickness of the density contrast associated with the Pocamoonshine
Gabbro-Diorite is only about 1.6 km.
1

,

Chapman (1962) suggested that some granitic rocks (i.e., the Granodiorite
of Whitneyville) are comagmatic differentiates with the gabbroic rocks of the
Bays-of-Maine Complex. The gravity models over the Granodiorite of vJhitneyville
(Fig. 5) suggest a shallow thickness of 0.8 km; Abbey (1972) also showed a similar
limited depth of granitic rocks in an area to the southwest of the Pleasant Bay
Gabbro and suggested that these rocks are underlain by gabbro that has at least
five times more mass than the granitic rocks. The geometry of the Peaked
Mountain Pond, Gardner Lake and Pocamoonshine gabbros suggests that they formed
extensive sheetline masses approximately 1 .5-3 km thick. In comparison, the
younger granites are thicker and are characterized by lower width to depth
ratios than the gabbroic rocks.
The residual gravity map (Fig. 4) shows a very distinct linear development
of anomalies in a N 30° E direction from the Pleasant Bay Gabbro through the
Marshfield Granite to the Cooper Quartz Monzonite. Trends of anomalies on either
side of this line parallel this orientation although these trends are not quite
as pronounced. A secondary trend approximately N 50° E parallel to a trend connecting the Cooper and Bog Lake plutons can be crudely identified on the residual
map. These linearities within the gravity field are produced by the gravitational expression of the igneous plutons.
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The maximum gravity anomaly located over a homogeneous pluton should
approximately represent the center of maximum mass or maximum thickness and
presumably the centers of emplacement of the bodies. A plot of the gravity
anomalies for an extended region along the coast of Maine is shown in Figure 7.
The extensive granite on the western margin of Figure 7, the Lucerne pluton,
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Profile A-A' showing the calculated 2-D model over a part
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has a prominent N 30° E trend and both Sweeney (1972) and Wones (1974) suggested that it was emplaced along a fault. Other anomalies associated with
igneous plutons parallel this trend. With few exceptions the location of the
maximum gravity anomalies lies on the nodes of the intersections of the N 30° E
and N 50° Wtrends. The gravity expression of this secondary trend (N 50° E)
is not strong. A notable characteristic of the area, however, is that the
maximum positive gravity anomalies associated with gabbro, as well as m1n1mum
anomalies associated with the younger granites, seem to be located on the nodes
of the intersecting trends.
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The surface expression of the Meddybemps, Cooper and Bog Lake plutons
trends N 50° E and is on the trace of the Turtle Head Fault zone (Westerman,
1979). The major tectonic trends in the northern Appalachians have about
the same orientation. In addition, these plutons mark the northern limit
of volcanic material that Gates (1969) suggests has been down-dropped into a
graben. The Meddybemps, Cooper and Bog Lake plutons also lie on the extension
of a major boundary between two distinct magnetic zones (zones A and B, Kane
et al., 1972, p. Bl6). Kane et al., (1972) suggest that these distinct magnetic zones may correspond to major contrasting crustal blocks. These magnetic
data, coupled with the Bouguer gravity (Fig. 7), indicate that these plutons
may be located along a major fault separating two distinct crustal blocks.
SUMMARY
The geophysical data coupled with the geologic data (Chapman, 1962, 1968b;
Gates, 1968) combine to produce the fol lowing picture of the upper crustal mass
distributions. The trend of the major structural axis for the Appalachians in
this area is about N 55° E. Major faults, shear zones, folds along with major
magnetic lineaments all more or less parallel this axis. Another set of prominent fractures, N 30° E, is suggested by the gravity field.
The Bays-of-Maine gabbroic plutons appear to be sheetlike intrusions that
were emplaced in the upper layers of the crust within a thick pile of volcanic
material. The gravity analysis supports Chapman's suggestions that differentiated granitoid bodies formed discontinuous caps over the mafic parent material.
Access of the magma to the surface may have been via deep crustal fracture intersections along the N 30° E and N 55° E trend.
The extensive granitic plutons may have migrated toward the surface via
the intersection of this fracture system and domed the overlying gabbroic sheets
and volcanic rocks. Coalescing of granite magmas, for example, the Cooper
pluton, formed linear anticlinal features with the older gabbroic sheets on
both flanks of the intrusion.
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ABSTRACT
Approximately 60 lamprophyre and dolerite dikes in southern Maine were
mapped and examined as part of a regional study of post-metamorphic dikes
in New England. The Maine dikes trend mainly around N30E, with a secondary
maximum near N60E. The dolerite dikes are Early Jurassic and older, while
both Early Jurassic and Early Cretaceous lamprophyre dikes are present.
The dolerite dikes are the more abundant type present. Minerals and
textures vary, but the dolerites are predominantly fine-grained, porphyritic
rocks consisting of labradorite, augite(+/- bronzite), olivine and opaque
minerals. They are chemically and mineralogically more like alkali olivine
basalts than like the quartz tholeiites common in southern New England.
The dolerites are often altered, in contrast with the usually fresh
textures which characterize the camptonite or the more rare monchiquite
lamprophyres. The camptonite dikes are basanitic rocks which contain
plagioclase, augite, olivine or kaersutite, analcime, calcite, and opaque
minerals. The monchiquites are more nephelinitic, nearly lacking feldspar,
but otherwise have mineralogies similar to camptonite.
The dikes represent basaltic magmas derived by partial melting of the
mantle during Atlantic rifting events. Their compositional variations are
due to different depths and degrees of partial melting, and to magmatic
differentiation during their rapid intrusion into shallow crustal
fractures.
INTRODUCTION
Few persons walk along the rock-bound coast of Maine without noting
the dark bands of igneous dikes crossing the generally light-colored
country rocks. Geologists in the late 1800's described some of the
varieties of dikes present, but they were unable to make firm conclusions
concerning the origins, ages, and genetic relationships of the magmas.
New ideas connecting plate tectonics with the origins of magmas have
stimulated some wide-ranging studies of magma provinces in eastern North
America by de Boer (1967, 1968), Weigand and Ragland (1970), May (1971),
Foland and Faul (1977), McHone (1978b), and Crough (1981). Our graduate
work (McHone, 1978a; Trygstad, 1979) surveyed the Mesozoic dikes of a large
part of New England. We attempted to fill in some of the substantial gaps
in the literature data, and then develop the most reasonable model for the
origins of the New England magma suites. Our model is not yet complete,
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but we shall describe in this paper some of the varieties, ages, physical
characteristics, petrography, and chemistry of southern Maine dikes, and
follow with a suggestion for their origin.
DISTRIBUTION
Dikes are more prolific along the coastal area of Maine than in most
of inland New England. The number of coastal examples must certainly
exceed 1000, and several hundred others can be found in roadcuts,
quarries, and natural exposures in the rest of Maine. The true
variations in dike abundance across the region is masked by the uneven
pattern of bedrock exposures, with outcrops more extensive along the shore
than inland.
We visited dikes mentioned in the geologic literature of southern
Maine, and we also located many other occurrences along the coast,
Interstate 95, and state highways. A total of 59 dikes were measured and
sampled. A much more comprehensive sampling program is needed before
definitive statements can be made concerning all of the varieties and
orientations of southern Maine dikes. However, we feel secure in our
characterizations of the major groups present, especially in comparison
with dikes elsewhere in northern New England. Figure l shows the locations
and orientations (where measured) of the sampled dikes.
Dolerites make up 42 of the samples, and lamprophyres the other 17. We
estimate that dolerites are actually 5 to 8 times more common than
lamprophyres in southern Maine, based on our cursory reconnaissance and on
descriptions in the literature. Felsic dikes are rare and were not studied.
Mafic dikes are also abundant to the south along coastal areas of New
Hampshire and Massachusetts, and are common inland throughout New Hampshire
and Vermont (McHone, l978b). Post-metamorphic dikes are less numerous along
I-95 northeast of Lewiston, and also may be somewhat less abundant along
the shoreline north of Portland. The dike groups of southern Maine are
subsets of magma provinces which sweep across much of New England and
adjacent Quebec.
·
APPEARANCE
Most dikes in southern Maine are between 0.5 m and 2 m in width (although
a few range to greater than 7 m), and are dark gray to rusty-brown in color.
Although the dike exteriors may be rusty, the interiors are usually
unweathered because most of the exposures result from recent excavations or
are in highly-eroded seashore and glaciated outcrops. Deuteric alteration
of the dike minerals sometimes creates a slightly greenish cast to the
rocks; feldspar-rich examples generally exhibit gray-green plagioclase
phenocrysts which weather to a buff-white color.
Coastal dikes often differentially erode to form narrow gulleys or
trenches (Figure 2). Some develop underwater pockets or caves which may
connect with 11 blow-holes 11 as at Kennebunkport. The coastal dikes commonly
have a very rough, black surface which is not seen on inland dikes,
apparently the result of a chemical reaction produced by marine organisms
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or seawater.
Many of the dikes are so fine-grained that their class~fication can
only be made via thin section. Even then, altered samples may lack
recognizable primary minerals, inhibiting our principle means of
identification. In general, hand samples with phenocrysts of plagioclase
are classified as dolerites, and samples with only mafic phenocrysts (augite
or amphibole) are called lamprophyres. Both groups commonly contain
calcite-filled amygdules, but only lamprophyres may display the pink
globules of felsic material called ocelli. Many lamprophyres weather to
an earthy-brown surface, while dolerites commonly appear smooth, gray, and
flinty. However, we often found it necessary to.reclassify field samples
after observation (and discussion) of their petrographic characteristics.
ORIENTATIONS AND AGES
Most of the dikes measured have trends within 10° of N30E, and a
smaller group trends N60E. The measurements are plotted as a rose diagram
in Figure 1. Northeasterly trends are very common for dolerite dikes all
across New England, but most lamprophyre dikes in northwestern Vermont and
adjacent Quebec have east-west to west-northwest trends. Because they
follow local fracture sets, individual dikes may be observed in almost any
orientation (usually with high dip angles), but the major northeasterly
trend in Maine is apparent even with our limited sample population.
Because lamprophyres in northwestern Vermont have Early Cretaceous ages
and trend east-west, McHone (1977) suggested that Early Cretaceous
lamprophyres across New England might all belong to a unified, east-west
dike province. The northeast-trending dikes were expected to mainly
represent an Early Jurassic dolerite province, similar to the basaltic
dikes of the Triassic-Jurassic basin in Massachusetts and Connecticut
(King, 1961).
Our subsequent correlations of trends with dike types show that most
lamprophyre dikes in New Hampshire and Maine also trend northeasterly. The
relatively small number of dated lamprophyres have unfortunately been
selected from those examples which do trend east-west, and they yield Late
Jurassic to Early Cretaceous ages. The dated dolerites are dikes with
northeasterly trends, and they all have Early Jurassic or Triassic ages
(McHone, 1978b). Dated dike localities in southern Maine are shown in
Figure 1.
Dikes at the Lewiston city quarry (described by Merrill, 1892 and
Fisher, 1941) are particularly helpful in that they represent a single series
of intrusions with members gradational between lamprophyre (camptonite)
and olivine dolerite, with both types well represented. The dikes are
northeast-trending. One of the dolerites has been dated as 184 ± 8 m.y.
old (McHone, 1978b), and Fisher (1941) mentioned another date of 170 ± 8 m.y.
for a Lewiston dike, so in this area it seems likely that lamprophyres as
well as dolerites have the Early Jurassic ages expected of northeasterly
dikes.
If east-west lamprophyres are an Early Cretaceous generation, they

-20-

apparently are a very minor group in Maine. Until more radiometric analyses
are available, we will not know whether the Early Cretaceous magmas include
northeast-trending dikes. However, because of their radiometric ages and
because dolerite dikes are rarely (never?) found crosscutting Early
Cretaceous plutons or lamprophyre dikes in New England, it is likely that
the dolerite dikes of Maine are confined to Early Jurassic or older
magmatic episodes.
PETROGRAPHY OF THE DOLERITES
Dolerite dikes in southern Maine are most commonly fine-grained,
intergranular to isogranular, porphyritic rocks with varying amounts of
small-to-medium sized plagioclase, pyroxene, and olivine phenocrysts.
Approximately one-third of the dikes are characterized by olivine and
plagioclase phenocrysts. Euhedral and subhedral labradorite (identified
by microprobe analysis) tends to be zoned. This zoning is occasionally
truncated (Figure 3), implying sudden decrease in confining pressure caused
by rapid injection of dike magma. Olivine phenocrysts are typically,
although not universally, altered, and skeletal (resorbed?) grains of
olivine are often found in the same dike with euhedral olivine. Microprobe
analyses of two fresh olivine grains show compositions around Fo80-84
(Table l, nos. 3 and 4).
Phenocrysts tend to increase in abundance from dike contacts to centers.
Overall, the dikes range from 3% to 26% phenocrysts (visual estimate).
Groundmass minerals include labradorite, colorless-to-pink titaniferous
augite with some ferroaugite possible, olivine (?),opaque minerals {probably
magnetite or ilmenite, often replaced by iron sulfide), and very minor (less
than 1%) brown hornblende.
Most of the dikes are amygdaloidal, with rounded to subrounded
amygdules averaging 0.7 mm in diameter. They are filled with carbonate and
often rimmed with green chlorite, which in turn may be surrounded by a
red-brown phyllosilicate mineral. An epidote-group mineral, possibly
zoisite, is often present. The vesicles, the epidote, and the carbonate and
phyllosilicate minerals are probably associated with deuteric processes.
Microfractures in the dikes are filled with carbonate, and we believe these,
too, have been formed by deuteric processes.
Another third of the dolerite samples contain pyroxene as well as
olivine and plagioclase phenocrysts. Typically, phenocrysts make up 10% to
20% of the volume of these dikes, increasing from dike edge to center.
Labradorite is sometimes seen with truncated zoning, and is occasionally
11
jacketed 11 by augite. Orthopyroxene phenocrysts (bronzite according to
microprobe analysis no. 2 in Table 1) are relatively abundant, although they
have not been identified previously in modern studies of eastern North
American dolerites. Fresh bronzite phenocrysts occur in three Kezar Falls
dikes (Figure 4), and are probably present in dikes at York Beach. The
11
enstatite porphyry diabase 11 from Cape Elizabeth, described by Lord (1898),
may represent another dike of this group. Additional dikes with
similar-looking but heavily altered grains are suspected to have had
bronzite phenocrysts. The alteration appears to have progressed along grain
boundaries and fractures. The alteration mineral may be anti~orite, but it
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was not positively identified.
Glomerophenocrysts are common in this group of dikes, with diverse
combinations including all augite, all olivine, augite plus olivine,
augite plus labradorite, and augite plus olivine plus labradorite. Although
the augite phenocrysts are colorless, augite in the groundmass is quite pink.
The groundmass mineralogy of this group closely resembles that described
above, with the following exceptions: traces of brown biotite may occur with
the minor brown hornblende; olivine (altered) is present; and groundmass
orthopyroxene may be present (at Kezar Falls localities).
Amygdules are common. One dike, from the Lewiston city quarry, is
unusually amygdaloidal (up to 50% by volume). Only 31 cm wide, the dike is
either a multiple injection or exhibits extensive flow banding. Euhedral
phenocrysts are mutually aligned and amygdules occur in bands parallel to
this alignment. Other dikes in this dolerite group do not commonly exhibit
flow banding. The same deuteric minerals are present regardless of presence
or absence of flow banding.
The two groups described above comprise about two-thirds of the dolerites
examined in this study. A smaller group of dikes is characterized by
phenocrysts of only olivine and pyroxene. This group tends to have dikes
trending more northerly than other dike groups, but we are uncertain as to
its genetic distinction. As discussed in another section, such dikes may be
transitional between dolerite and camptonite in southern Maine. Except for
the phenocryst minerals, the mineralogy and textures of this group resemble
those described for the first two groups.
One texture quite common for all of the above dike groups suggests two
episodes of alteration in the olivine grains. A high-temperature (magmatic)
alteration is proposed for the generation of dark-brown to opaque minerals
replacing the outer portions of olivine grains: the centers remain fresh.
A lower-temperature, more deuteric-like alteration has resulted in the
complete replacement of olivine by a greenish phyllosilicate mineral or
sometimes by a carbonate mineral. Both alteration types are shown in
Figure 5.
The last dolerite group is represented by only four dikes. The dikes
contain only plagioclase phenocrysts. While New Hampshire examples in this
group exhibit some unique textures (Trygstad, 1979), the Maine examples have
minerals and textures similar to those already described.
PETROGRAPHY OF THE LAMPROPHYRES
Lamprophyre dikes in southern Maine are predominantly camptonite and
more rarely, monchiquite. In thin section, camptonite normally shows
plagioclase only in the groundmass and never as phenocrysts, although some
xenocrystic grains are observed. Blocky phenocrysts of augite up to several
mm across are common, often mixed with or even subordinate to laths of
kaersutite (a basaltic hornblende). Small olivine phenocrysts are
generally present, in variable but minor amounts. The groundmass is
commonly a mixture of plagioclase, augite, kaersutite, analcime, and calcite.
Assessories include titaniferous magnetite, pyrite, sphene, and nearly

-22-

Figure 2. Mafic dikes near Perkins Cove, Maine. A multiple dolerite
intrusion around 2.2 m wide has eroded to form a gully, cross-cut by a
camptonite dike.
Figure 3. Photomicrograph of a dolerite dike from York Beach, showing
euhedral labradorite phenocrysts with a truncated zoning. Crossed nicols.
Scale bar = 0.5 mm.
Figure 4. Photomicrograph of a dolerite dike from the Kezar Falls
Quadrangle showing euhedral bronzite phenocrysts, partly altered along
fractures. Plagioclase lies adjacent to the bronzite grains. Crossed
nicols. Scale bar= 0.5 mm.
Figure 5. Photomicrograph of a dolerite multiple-intrusion dike from
the Kezar Falls Quadrangle. The glassy chill margin of the later intrusion
lies at the bottom of the picture, and contains olivine phenocrysts altered
by relatively low-temperature, deuteric processes. Olivine in the older,
coarser intrusion toward the top of the picture has been altered around the
margins by a higher-temperature replacement phase. Crossed nicols. Scale
bar = 5 mm.
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TABLE 1.

MICROPROBE ANALYSES OF MAINE DIKE MINERALS
1

2

Si02

51.09 43.25
0.54
0.81
1.50
2.30
FeO* 14.49 13. 13
MnO
0.47
0.29
MgO
1o.91
28.94
cao 20.55 2.45
Na 2o
0.00
0.52
0.00
0.00
K20
Total 100.34 100.90
(6)

(6)

3

4

5

6

WEIGHT PER CENT
40.23 39.17 55.38 51.54
0.09
0.10
0.11.
0.16
0.00
0.00 27.83 29.78
14.98 18.70
0.52
0.50
0.00
0.16
0.18
0. 01
43.74 40.83
0.12
0.09
o. 17 0.19 11.33 14.26
3.63
4.67
0.00
0.01
0.00
0.00
0.30
0.26
99.39 99.16 100.24 100.27
CATIONS PER ( ) OXYGENS

(4)

(4)

(8)

(8)

7

47 .13
2.28
6.95
7.22
0.27
13. 04
22.23
o. 74
0.00
99.86
(6)

8

38. 18
5.54
12.19
14.90
0.23
9.56
12.09
2.41
1.14
96.24**
(23)
5.887
0.642
2.215
1. 921
0.030
2.196
1.998
0.721
0.224
15.834

9

54.73
0.03
21.22
0.00
0.01
0.00
0.02
14.46
0.11

90.58**
(6)

2.038
1. 948 1.898 1. 014 1 .008 2.495 2.349 1. 765
0.001
0.067 0.097 0.002 0.000 0.004 0.006 0.307
0.931
0.023 0.014 0.000 0.002 1.478 1.599 0.064
0.000
0.462 0.391
0.316 0.403 0.019 0.019 0.226
0.000
Mn
0.015 0.009 0.004 0.004 0.000 0.000 0.008
0.000
Mg
0.620 1.537 1.649 1.567 0.006 0.008 0.728
0.001
Ca
0.840 0.094 0.004 0.005 0.547 0.696 0.894
1.044
0.054
0.038 0.000 0.000 0.000 0.408 0.321
Na
0.005
K
0.000 0.000 0.000 0.000 0.017 0.015 0.000
4.020
Total 4.013 4.040 2.984 2.989 4.974 5.013 4.044
* total Fe as FeO ** less volatiles
1. Augite, center of phenocryst, dolerite dike KP-9, Kennebunk.
2. Bronzite, center of phenocryst, dolerite dike KF-3K, Brownfield.
3. Olivine, center of phenocryst, dolerite dike LW-6, Lewiston.
4. Olivine, edge of phenocryst, dolerite dike LW-6, Lewiston.
5. Labradorite, center of phenocryst, dolerite dike KF-3B, Brownfield.
6. Labradorite, matrix grain, camptonite dike KP-3, Kennebunkport.
7. Augite, edge of phenocryst, camptonite dike KP-3, Kennebunkport.
8. Kaersutite, center of phenocryst, camptonite dike KP-3, Kennebunkport.
9. Analc1me, grain in ocellus, camptonite dike KP-3, Kennebunkport.
Si
Ti
Al
Fe+ 2
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ubiquitous needles of apatite.
matrix of a few examples.

Biotite or phlogopite is present in the

Other characteristics of camptonite (in Maine as elsewhere) include
abundant amygdules up to several cm across, often 5% to 20% of the rock by
volume depending upon flow segregations. The amygdules are filled with
calcite, or more rarely analcime or other zeolites. Some dikes exhibit
ocelli, small rounded segregations of analcime, feldspar, kaersutite,
zeolites, calcite, and apatite. Most lamprophyres are porphyritic, with
idiomorphic grains of both the phenocrysts and groundmass minerals. Good
examples of ocelli and other lamprophyre characteristics can be found in
dikes at the base of Walker's Point, Kennebunkport (Kemp, 1890).
Monchiquite is uncommon in Maine, but is identical to monchiquite from
Vermont (McHone and Corneille, 1980) and elsewhere in New England. A good
example is present at the base of Walker's Point in Kennebunkport, a dike
which Kemp (1890) called camptonite. The rock is rich in kaersutite (as
phenocrysts and groundmass minerals), and analcime is clearly more abundant
than plagioclase, an important criterion. The mineralogy and textures are
otherwise like camptonite.
Many camptonite dikes, including several at the Lewiston city quarry,
have only minor amounts of hydrous minerals, or contain a fairly noticeable
proportion of feldspar phenocrysts. Where the rocks clearly lack ocelli
and primary amphibole, biotite, and/or analcime, they are classed as
dolerite. Maine has many examples of dikes which appear to grade between
dolerite and camptonite, a point which will be discussed in the next
section.
In general, the high water and carbon dioxide contents in lamprophyre
magmas have retarded the crystallization of feldspar, allowing euhedral
crystals of mafic minerals to dominate the textures. Recognizable olivine
grains are usually partially resorbed, or altered to chlorite, calcite,
epidote, and other secondary minerals. Otherwise, the minerals of the
lamprophyres appear to be primary, magmatic phases.
Electron microprobe analyses were made for minerals of only one Maine
lamprophyre, a small camptonite dike which cuts across the Blow-Hole
dolerite dike at Kennebunkport. The analyses (Table 1, nos. 6, 7, 8, and
9) are similar to others from lamprophyres elsewhere in New England (McHone,
1978a), and are also typical of mineral compositions from basanites and
alkali basalts around the world.
Many of the camptonite dikes have plagioclase with optical characteristics
close to andesine, but the available microprobe analyses show slightly more
calcic compositions of labradorite (Table 1, no. 6). Augite in the dike is
characterized by oscillatory zoning, becoming more Ti- and Al-rich from grain
center to grain edge (Table 2, no. 7). Often the Ti imparts a rosy tint to
the augite. The augite is actually very similar to augite in most of the
alkali dolerites discussed above. The fact that there are more than four
cations per six anionic oxygens in the unit formula indicates the presence
of Fe+3 as well as Fe+2 in the crystal structures. Such an oxidizing
environment probably reflects the late stages of crystallization of the dike
magmas.
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Amphiboles in the lamprophyres (Table 1, no. 8) easily fit Leake's
(1968) classification of kaersutite, with more than 0.5 Ti atoms per
formula unit, and an Mg/Mg+Fe+Mn ratio also greater than 0.5. Kaersutite
is a relatively K-rich amphibole, and is ideal for K-Ar radiometric
analysis. The mineral has a straw-yellow to reddish-brown pleochroism,
and, like augite, crystallizes as both phenocrysts and later matrix grains.
Analcime in the lamprophyre groundmass is often mistaken for glass,
but its cubic crystal form may rarely be seen in amygdules and ocelli.
Devitrified glass is also present, but is confined to narrow borders along
the dike margins. Analcime is easily destroyed by the electron beam in
most microprobes, but number 9 in Table l shows a reasonable chemistry,
assuming about 9% water (unanalyzed). It is one of the last minerals to
crystallize and may actually form by a sub-solidus phase reaction rather
than as a true liquidus precipitate.
GEOCHEMISTRY
Nine chemical analyses are available for mafic dike rocks in southern
Maine (Table 2). Analyses l, 4, 5, 6, and 8 of Table 2 were performed at
the University of North Carolina as part of McHone's (l978a) dissertation
work, while the other four are rather old literature analyses. Some of
the literature values are of doubtful accuracy (such as MnO of nos. 2 and
3, Table 2), but in general, some useful comparisons can be made. We are
not satisfied that all the varieties of mafic dikes are represented by
these analyses: in particular, the more plagioclase-rich examples are
missing.
Most of the analyses show compositions characteristic of alkali-olivine
basalts (Table 2, no. 9), such as low Si0 2 and high K20, P2o5 , and volatile
contents. Although some petrologists relate high H2o and C02 analyses of
basalts to secondary alteration and contamination, we believe that the
volatiles are mainly primary magmatic constituents when the petrology of
the dike indicates no major post-magmatic alteration. We are still
investigating this, however. The low volatile contents of most basalt
analyses reported in the literature are the result of dehydration durinq
volcanic extrusion, and so do not reflect true magmatic compositions (Moore,
1970). The dikes are intrusions which were sealed by glassy margins and
thus retained their original volatiles.
Classified by CIPW normative mineralogies (Yoder and Tilley, 1962),
the monchiquite dike (Table 2, no. 1) is an alkali basalt because it is
nepheline normative, numbers 5, 8, and 9 of Table 2 are quartz tholeiites
because they are quartz normative, and the other camptonite and dolerite
dikes in Table 2 are olivine tholeiites (olivine-hypersthene normative).
This is a common and practical system used widely in petrology, and it is
v~luable for comparisons among basaltic magma suites.
However, analyses 2
through 8 of Table 2 are clearly alkali-rich and silica-poor relative to
most tholeiites, and in fact are much like Nockold's "average alkali basalt
and dolerite" (Table 2, no. 10). The analyses (except for number 9, Lord's
"diabase" dike) are also clearly "alkaline" rather than "subalkaline"
according to Chaye's (1975) basalt discriminant function.
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TABLE 2.

WHOLE-ROCK ANALYSES OF MAFIC DIKES FROM SOUTHERN MAINE
l
2
3
4
5
8
9
6
7
10
MAJOR OXIDES (WT. %)
41. 15 39.32 43.79 43.18 46.23 45.20 44.05 50.76 45.78
Si02 45.1
Ti0 2
2.94 l.60 1. 70 3.00 3.03 1.85 0.68 2.86
2.63
Al 2o3 15. 1 13. 51 14.48 15.34 11 .89 13.50 17. 12 15. 30 12.83 14.64
Fe 2o3 3.20 2.32 2.01
5.98
4.98 3. 16
FeO
6.48 8.68 8.73 10.77* 10.09* 10.64* 6.55 10.99* 10.09 8.73
MnO
0.18 1.28 0.71
0.19 0.16 0.18
0.20
0. 31
MgO
6.30 10.09 11.11
5.82 8. 14 7.37 5.29 5.93 6.67 9.39
Cao
7.48 8.75 8.30 9.29 9.83 9.30 7.89 6.84 9.88 10.74
4.36 3.21
3.76 2.99 2. 19 3.04 4.23 3.46 3.52 2.63
Na20
2.65 1.22 0.87 1. 67 0.97 1.03 2. 31
2.46 0.62 0.95
K20
0.81
0.61
0.61
0.65 0.46 0.38
0.39
0.60
P205
H2o+
2.68 3.05 2.57 2.82 3.66 3 .16 5.35 2. 31
0.87 0.76
0.31
0.40 1.63 0.76
0.41
H20co 2
2.20 5.54 5.25 3.07 3.90 1.69
3.94
Total 99.79 100.96 99.42 99.80 99.13 99.13 100.60 99.46 100.22 100.00
TRACE ELEMENTS (ppm)
Rb
71
47.3 71.0 17.7
60.7
Sr 1244
789
515
251
665
Zr
416
203
212
186
182
y
25.8 23.7 21.4
23.7
v
254
199
207
162
Cr
246
178
385
302
Ni
106
236
198
89
Ba
543
263
198
797
* total iron as FeO
1. Monchiquite dike, Walker's Point, Kennebunkport.
2. 11 Lamprophyre 11 dike, Lewiston city quarry (Merril 1, 1892).
3. 11 Lamprophyre 11 dike, Maine Central R.R. cut, Auburn (Merrill, 1892).
4. Olivine dolerite dike, Lewiston city quarry, dated 184 ± 8 m.y.
5. Olivine dolerite dike, Rte. 115 roadcut, Gray, dated 200 ± 9 m.y.
6. Camptonite dike, I-95 roadcut, Kennebunk, dated 124 ± 6 m.y.
7. Camptonite dike, Portland Head Light, Cape Elizabeth. (Lord, 1898).
8. Camptonite dike, Pond Cove, Cape Elizabeth.
9. 11 Enstatite porphyry diabase" dike, Cape Elizabeth (Lord, 1898).
10. "Average alkali basalt and dolerite" (Nockolds, 1954).
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Lord's quartz tholeiitic dike (Table 2, no. 9) is chemically like
basalts and dolerites from the Connecticut Basin in southern New England
(Weigand and Ragland, 1970), a magma group which is also present in the
northern New England states (McHone, 1978a). We refer to the camptonite
and olivine dolerite dikes of southern Maine as members of an alkali
basalt series because they appear to be chemically distinct from the quartz
and olivine tholeiite dikes of Weigand and Ragland s (1970) Eastern North
America (ENA) series.
1

Analysis 1 of Table 2 is relatively silicic for monchiquite, a type
which averages closer to 40% Si02 in New England (McHone, 1978a). Although
some are of camptonite and others of olivine dolerite, analyses 2 through
8 of Table 2 have enough variation to mask any significant differences
between the two types. Camptonite dikes throughout the rest of New England
are chemically similar to the camptonites and olivine dolerites of Table 2,
despite age differences of 80 m.y. or more among the dikes.
The available analyses for Lewiston city quarry dikes (Table 2, nos. 2
and 4) support the petrographic evidence that at this locality, camptonite
and olivine dolerite are varieties of a single magma series. Our regional
studies indicate that this series is spread over much of southern Maine,
New Hampshire, and eastern Massachusetts as well, and is an abundant or
even predominant Early Jurassic dike group. The Early Cretaceous series
apparently contains camptonite and monchiquite dikes, but not dolerites,
and becomes more abundant westward into Vermont and adjacent Quebec (McHone,
1978b). Quartz tholeiitic dikes of Early Jurassic (?) age are also present,
but are not as common in Maine as they are in southern New England.
DISCUSSION
The mafic dike groups of southern Maine represent magmas created during
post-orogenic rifting episodes along eastern North America. The sequence of
Early Jurassic alkali dolerite and camptonite followed by Early Cretaceous
camptonite and monchiquite in southern Maine is paralleled by dike and
plutonic intrusions across northern New England. An episode of Early
Jurassic syenite-granite plutonism in New Hampshire (the classic White
Mountain magma series; Foland and Faul, 1977) was followed by more widespread
Early Cretaceous gabbro-syenite plutonism across northern New England and
adjacent Quebec (including the Monteregian Hills). McHone (1981) proposes
that the latter group of lamprophyre dikes and alkalic plutons be called
the New England - Quebec (NEQ) series.
The Triassic-Early Jurassic tholeiites of New England (part of the ENA
series), best known in the Connecticut Basin, apparently have no cogenetic
plutonic associates. In New Hampshire and Maine, at least some of the
alkali dolerites overlap in both time and space with the Mesozoic plutons,
creating one of several problems facing the development of a successful
model for the Maine dikes. Some important constraints are provided by the
structural and chemical data available for the Maine dikes, data which must
be integrated with other regional studies. Several models for the history
and origins of New England Mesozoic intrusions have been discussed by Foland
and Faul (1977), McHone (1978b), McHone and Corneille (1980), and Crough
(1981).
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The model which we are developing does not utilize a system of extensive
crystal fractionation in one or a few magma chambers at some depth in the
New England crust, nor does it rely on movement across a 11 hotspot 11 or mantle
plume. Rather, we propose that the variety of dike types resulted from the
generation of local 11 partial melt 11 magmas which rapidly ascended from their
mantle sources, often as multiple intrusions. Minor gravity and flowaqe
differentiation could be expected during their migration into the uppermost
crust, and recent studies indicate that immiscible separation of liquids
was not unlikely (Philpotts, 1976; 1979). Each pulse of magma resulted in
the emplacement of a small swarm of dikes with a uniform trend and definite
range of compositions. Eventually, a regional pattern emerged, consisting
of overlapping dike swarms which may or may not be distinquishable from one
another.
The initial, or 11 primary 11 compositions of the dike magmas may have
varied because of heterogeneity in the mantle source rocks, different depths
and temperatures at which melting occurred, and the degree of melting of
the source rocks (Yoder, 1976). The tectonic environment of the lithosphere
not only stimulated the production of the magmas, but also controlled their
locations (via fracture zones) and their orientations (via stress patterns
interacting with local fracture sets). In the southern Maine region, the
predominant northeasterly dike trend indicates a northwest-southeast
direction for extensional stresses during the Early Jurassic. This stress
orientation may also have been present in Maine during Early Cretaceous
time, unlike the more north-south extension implied for lamprophyres in
Vermont and Quebec by McHone (1978b).
During Mesozoic time in New England, lithospheric rifting which
initiated the opening of the adjacent Atlantic Ocean basin produced the
Early Jurassic magmas, as well as fractures, faults, and structural basins
along eastern North America. This activity diminished in New England by
mid-Jurassic time, continuing farther east in the new ocean basin with the
production of seamounts post-dating the ocean-floor basalts (Baragan and
others, 1977). Atlantic rifting north from Newfoundland was initiated in
Early Cretaceous time (Lapoint, 1979), and was accompanied by alkalic
magmatism in Maine (part of the NEQ series) as well as in many other places
around the northern ocean basin. Renewed faulting and basin formation in
the New England region may also have occurred (McHone, 1982).
The close association of the magmas with rifting events does not
support their origin via an independent 11 hotspot 11 or mantle plume under
the moving lithosphere (the model of Crough, 1981). More widespread studies
of the chemical variations in the tholeiitic ENA magmas have been conducted
by Weigand and Ragland (1970), Ragland and others (1971), and Bryan and
others (1977). Their model explains the ENA magmas as the forebears of the
present mid-Atlantic Ridge basalts. Such basalts are recognized to be
relatively large-volume, shallow-mantle melts (Yoder, 1976) that are
characteristic of all diverging plate boundaries.
In contrast, the alkalic magmas of New England (producing the Maine
lamprophyres, alkali dolerites, and Mesozoic plutons) are typical of
intraplate rift magmas throughout the world. Such magmas are not necessarily
associated with new ocean basins. In the New England area, the alkalic
magmas were produced well inland of the new continental margin, but correlate
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with the major initiations of plate-spreading which created the present
North Atlantic Ocean. The New England intrusions and the volcanic
seamounts farther east are localities where magmas could be formed and
released from mantle sources deeper than those for tholeiites, perhaps in
lesser volumes, and/or with the source less depleted in elements which
characterize alakali basalts (such as K2o, P2o5 , and volatiles).
The above model probably requires some mechanism for the localization
of the intrusions, such as a lithospheric "weak zone or an extended
transform fault (the Kelvin fracture zone?)~ Such a zone must extend
through southern Maine and may be represented by some of the faults and
fracture sets so common in the area. Studies of Mesozoic features other
than igneous rocks are rare for northern New England, but additional work
underway by ourselves and other geologists will certainly result in a much
more comprehensive Mesozoic history of the region.
11

,

ACKNOWLEDGEMENTS
This work was encouraged and guided by J. Robert Butler of the University
of North Carolina at Chapel Hill. We also thank Paul Ragland, John Rogers,
Richard Spruill, and Paul Drez for their advice and discussions of our work
at the U.N.C. Department of Geology. Technical assistance for the microprobe
and geochemical analyses came from Richard Spruill, Paul Drez, Joan Galipeau,
and Steven Kish. The microprobe analyses were performed at the Department
of Geological Sciences of the Virginia Polytechnic Institute in Blacksburg,
Virginia.
Research support in 1977 and 1978 was supplied under N.S.F. Grant
EAR76-14271, and by a grant from the Southern Regional Education Board.
Weston Geophysical Research, Inc. provided the K-Ar radiometric analyses
discussed in this paper as part of the geological and seismological
investigations for Pilgrim Unit II of Boston Edison.

-31-

REFERENCES CITED
Baragan, W. R. A., Coleman, L. C., and Hall, J.M., 1977, Volcanic regimes
in Canada: Geol. Assoc. Canada, Special Paper No. 16, p. 425-444.
Bryan, W. B., Frey, F. A., and Thompson, G., 1977, Oldest Atlantic seafloor:
Mesozoic basalts from western North Atlantic margin and eastern North
America: Contr. Mineral. Petrol., v. 64, p. 223-242.
Chayes, F., 1975, On distinguishing alkaline from other basalts: Ann.
Report Geophys. Lab., Carnegie Institute Yearbook 74, p. 546-547.
Crough, T. H., 1981, Mesozoic epeirogeny in northeastern North America:
Geology, v. 9, p. 1-6.
de Boer, J., 1967, Paleomagnetic - tectonic study of Mesozoic dike swarms in
the Appalachians: Jour. Geophys. Research, v. 72, p. 2237-2250.
, 1968, Paleomagnetic differentiation and correlation of the Late
--T=-r_,i-a-ssic volcanic rocks in the central Appalachians (with special
reference to the Connecticut Valley): Geol. Soc. America Bull.,
v. 79, p. 609-626.
Fisher, L. W., 1941, Structure and metamorphism of Lewiston, Maine region:
Geol. Soc. America Bull., v. 52, p. 107-150.
Foland, K. A., and Faul, H., 1977, Ages of the White Mountain intrusives New Hampshire, Vermont, and Maine, USA: Am. Jour. Sci., v. 277,
p. 888-904.
Kemp, J. F., 1890, Trap dikes near Kennebunkport, Maine: American Geol.,
v. 5' p. 129-140.
King, P. B., 1961, Systematic pattern of diabase dikes in the Appalachian
region: U.S. Geol. Survey Prof. Paper 424-B, p. 93-95.
Lapoint, P. L., 1979, Paleomagnetism of the Notre Dame Bay lamprophyre dikes,
Newfoundland, and the opening of the North Atlantic Ocean: Can. Jour.
Earth Sci., v. 16, p. 1823-1831.
Leake, B. E., 1968, A catalog of analyzed calciferous and subcalciferous
amphiboles together with their nomenclature and assorted minerals:
Geol. Soc. America Special Paper 98, 210 p.
Lord, E. C. E., 1898, On the dikes in the vicinity of Portland, Maine:
American Geol., v. 22, p. 343-347.
May, P. R., 1971, Pattern of Triassic-Jurassic diabase dikes around the
North Atlantic in the context of predrift positions of the continents:
Geol. Soc. America Bull., v. 82, p. 1285-1292.
McHone, J. G., 1977, Dike types and distribution in central New England:
Geol. Soc. America Abstracts with Programs, v. 9, p. 300.
, 1978a, Lamprophyre dikes of New England (Ph.D. dissert.):
Chapel Hill, University of North Carolina, 189 p.
Distribution, orientations, and ages of mafic dikes in
- - central
- -, 1978b,
New England: Geol. Soc. America Bull., v. 89, p. 1645-1655.
, 1981, Comment on Mesozoic hotspot epeirogeny in eastern North
-----,America: Geology, v. 9, p. 341-342.
, 1982, Mesozoic rifting in northern New England: Geol. Soc. Am.
Abstracts with Programs, v. 14, submitted.
McHone, J. G., and Corneille, E. S., 1980, Alkalic dike rocks of the Lake
Champlain Valley: Vermont Geology, Bull. l, p. 16-21.
Merrill, G. P., 1892, On some eruptive rocks in the vicinity of Lewiston
and Auburn, Androscoggin County, Maine: American Geol., ·v. 10, p. 49-55.
Moore, J. G., 1970, Water content of basalt erupted on the ocean floor:
Contr. Mineral. Petrol., v. 28, p. 272-279.
--~---...,

--~-

-32-

Nockolds, R. K., 1954, Average analyses of igneous rocks: Geol. Soc.
America Bull., v. 65, p. 1107-1132.
Philpotts, A. R., 1976, Silicate liquid immiscibility: Its probable
extent and petrogenetic significanc~: Am. Jour. Sci., v. 276,
p. 1147-1177.
--..,,---' 1979, Silicate liquid immiscibility in tholeiitic basalts:
Jour. Petrol., v. 20, p. 99-118.
Ragland, P. C., Brunfelt, A. D., and Weigand, P. W., 1971, Rare-earth
abundances in Mesozoic dolerite dikes from eastern United States: in
Brunfelt, A. D., and Steinnes, E., editors, Activation analysis in~
geochemistry and cosmochemistry: Proc. NATO Advanced Studies Inst.,
p. 227-235.
Trygstad, J. C., 1979, The petrology of Mesozoic dolerite dikes in southern
New Hampshire and Maine (M.Sc. thesis): Chapel Hill, University of
North Carolina, 132 p.
Weigand, P. W., and Ragland, P. C., 1970, Geochemistry of Mesozoic dolerite
dikes from eastern North America: Contr. Mineral. Petrol., v. 29,
p. 195-214.
Yoder, H. S., Jr., 1976, Generation of basaltic magma: National Academy of
Science, Washington, 263 p.
Yoder, H. S., Jr., and Tilley, C. E., 1962, Origin of basalt magmas: An
experimental study of natural and synthetic rock systems: Jour. Petrol.,
v. 3, p. 342-532.

-33-

The Waldoboro Moraine and related glaciomarine deposits, Lincoln and Knox
Counties, Maine
GEOFFREY W. SMITH, KIM S. STEMEN * and RON S. JONG **
Department of Geology, Ohio University, Athens, Ohio 45701
INTRODUCTION
During the last (Late Wisconsinan) episode of continental glaciation,
ice advanced across coastal Maine to a terminal position on the continental
shelf, well east of the present coastline. Disintegration of the Late
Wisconsinan ice sheet began between 17,000 yr. B.P. and 15,000 yr. B.P., and
ice had withdrawn to a position parallel to and slightly inland of the present
coastline by about 13,200 yr. B.P. Marine submergence was contemporaneous
with ice withdrawal, and ice retreat was accomplished, in large part, by
calving into the open sea. Withdrawal of ice across the coastal zone proceeded
rapidly, so that ice had retreated from the present coast to a position well
inland by 12,800 yr. B.P. Isostatic recovery resulted in emergence that
brought the present coastline to sealevel between 12,100 yr. B.P. and 11,400
yr. B.P.
The surficial geology of the quadrangles covered in this report has been
mapped at a scale of 1:24,000. The original mapping by Smith and Anderson
(Maine Geological Survey open-file reports) was undertaken during the early
phases of the Geological Survey's inventory mapping program. Much of this
work is already in need of revision. More detailed study of portions of the
Union and Waldoboro East 7.5-minute quadrangles has been completed by Stemen
(1979) and Jong (1980). In addition, information bearing on the stratigraphy
and surficial geologic history of this part of the Maine coastal zone can be
found in the following publications: Smith (1974); Smith, Stemen and Jong
(1979); Smith (1980); Smith (198la); and Smith (in press). Figure 1 is a
generalized surficial geologic map of Lincoln and Knox Counties compiled from
these sources. Thompson (1979) provides a helpful general reference for the
surficial geology of the entire coastal zone.
GLACIAL STRATIGRAPHY
Glacial and glaciomarine deposits of the central Maine coastal zone
(Figures 1 & 2) include, in ascending stratigraphic order, till, ice-contact
stratified drift, subaqueous outwash, and marine silt and clay (Presumpscot
Formation). All of these deposits are assigned to the Late Wisconsinan stage
of glaciation, and the great majority of exposed deposits below the marine
limit are related to final ice retreat and marine submer.gence.
Till occurs throughout the coastal zone, both above and below the marine
limit. Both lodgment and ablation tills are found above the marine limit.
Thickness of the till is variable, ranging from a scattering of boulders to
thick accumulations displaying hummocky or drumlinoid morphology. Composition
of the tills is likewise highly variable, reflecting the wide diversity of
bedrock lithologies found in the coastal zone. Below the marine limit, till
occurs in a variety of genetic types, not yet adequately studied or fully
present address: * Amoco Production Company, Houston, Texas
** Mobil Oil Corporation, Denver, Colorado
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understood. Lodgment till and flow till comprise the cores of many small
moraines, and lodgment till commomly forms a carapace over the proximal slopes
of large moraines. Locally, tills appear to be waterlain. These tills are
distinctly stratified and interbedded with marine sediments of the Presumpscot
Formation. The tills exposed below the marine limit imply, both by virtue
of their close association with moraines and by the waterlain character of some,
that ice was in contact with the sea during glacial retreat and deposition of
the tills.
Ice-contact stratified drift in the coastal zone overlies till and is
overlain by a variety of sediments of the recessional sequence (Figure 2). Icecontact stratified drift occurs in various morphologic forms, including eskers,
kames, and kame terraces. The most important occurrence of ice-contact stratified drift below the marine limit is within the cores of both large and small
end moraines in the recessional sequence.
Above the marine limit, particularly in southwestern Maine, ice-contact
stratified drift comprises extensive valley fills in proximity to well-developed
esker systems that extend northwestward into the White Mountains. These valley
fills terminate along their southern and eastern margins in outwash heads that
are transitional into broad outwash deltas and fans that were constructed into
the late-glacial sea. The distal outwash sediments both overlie and intertongue with silt and clay of the Presumpscot Formation, again indicating a close
temporal relationship between ice retreat and late-glacial marine submergence.
Stratified sand and gravel that underlies and intertongues with the
Presumpscot Formation has been interpreted (Smith, et al., 1979) as subaqueous
glacial outwash (Rust and Romanelli, 1975). The subaqueous outwash sediments
are predominantly coarse elastics, though they may locally consist of wellsorted, evenly-bedded fine sand and silt. In nearly all exposures, these
deposits display a variety of distinctly fluvial primary structures. In many
instances, the outwash sediments have been severely deformed by thrusting of
ice-contact stratified drift upward into the outwash. Their stratigraphic
relationships, both within moraines and intercalated with Presumpscot Formation
sediments, indicate that the outwash sediments were deposited in a subaqueous
(submarine) setting in proximity to the ice front.
Although subaqueous outwash seems to occur throughout the coastal zone,
it is thickest and coarsest in proximity to eskers. An important occurrence
of subaqueous outwash is in the variety of delta types (Gluckert, 1975; Smith,
in press) that comprise segments of large moraines. The subaqueous outwash
deposits are thought to have been deposited by meltwater discharging from the
grounding line (or ice front) of the retreating ice sheet, both as channel flow
and sheetwash.
The Presumpscot Formation is a marine deposit of glacial rDck flour
that occurs throughout the area of late-glacial marine submergence. The
general distribution of the marine sediments was mapped by Goldthwait (1949),
and the sediments were described in detail and given formational status by
Bloom (1960). As described by Bloom, the Presumpscot Formation is predominantly
a poorly-sorted silty clay that is gray or blue-gray in color, though texture,
composition and color of the sediment varies both vertically and laterally.
Thickness of the Presumpscot Formation also varies considerably, reflecting
the irregularity of the topography upon which it was deposited. The maximum
thickness noted by Bloom is roughly 40m. In most exposures, however, the
marine sediment is less than 6-7 m. thick.
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Fossils are locally abundant in the Presumpscot Formation. The faunal
assemblage and the stratigraphic distribution of fauna suggest that deposition
of the marine sediment took place initially in cool, relatively deep water.
These conditions were gradually replaced by tidal flat and beach conditions
as the late-glacial sea regressed. There is no evidence of a shallow-water
onlap sequence within the fossiliferous marine sediments.
The Presumpscot Formation bears a complex stratigraphic relationship to
glacial sediments below the marine limit. Although it generally overlies till
with sharp contact, some of the waterlain tills contain thin 1ayers of marine
silty clay and fine sand. Subaqueous outwash generally underlies and intertongues with the Presumpscot Formation, while subaerial outwash overlies and
intertongues with the marine deposits.
END MORAINES
Occurrence
End moraine and related ice-frontal features have been mapped throughout the coastal region of Maine from the present coastline to the inland limit
of late-glacial marine submergence (Borns, 1980; Smith, 198lb; Smith, in prep.).
There is, in addition, some evidence that larger moraines can be traced well
inland above the marine limit. The most abundant of the ice-frontal features
are DeGeer (washboard) moraines that occur as regularly-spaced linear ridges
overlain by marine sediments. Interspersed between groups of DeGeer moraines
are larger stratified moraines and ice-frontal deltas C'moraine banks") composed of ice-contact fluvial sediments that intertongue with marine deposits.
Although end moraines occur throughout the coastal region, their size and
concentration varies both regionally and locally. Whereas DeGeer moraines can
be found most anywhere below the marine limit, larger moraines are more restricted in their occurrence. The moraines are best developed in eastern coastal Maine
(Washington and Hancock Counties) and central coastal Maine (Lincoln, Knox,
and Sagadahoc Counties). Here, moraines are larger and more continuous than
elsewhere in the coastal zone. While end moraines are abundant in these areas,
there is a general lack of ice-frontal deltas, though some have been mapped in
the position of the marine limit.
Pertinent aspects of the distribution of moraines can be summarized as
follows: (a) DeGeer moraines occur exclusively below the marine limit, and
larger moraines are optimally developed below the marine limit. This implies
a genetic relationship between moraine development and marine submergence.
(b) The axes of moraine ridges are aligned perpendicular to the direction of
last ice movement as recorded by glacial striations on adjacent bedrock outcrops. (c) The moraines define a lobate pattern, generally concave downvalley
in topographic lows and convex downvalley over topographic highs (Figure 3).
This pattern mirrors the configuration of calving bays developed in glaciers
that terminate in the sea. (d) Axes of large and small moraines are generally
parallel to one another. In central and southern coastal Maine there is no
evidence of large-scale, regional cross-cutting as has been described in
eastern Maine (Borns, 1973; Borns and Hughes, 1977). However, there are
numerous instances of local cross-cutting relationships in the traces of
DeGeer moraines (Figure 3).
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Morphology
DeGeer moraines of the Maine coastal zone are similar to small moraines
that have been described by a number of authors in a variety of different
geologic settings. Brief reviews of the characteristics of these moraines
are given by Elson (1968), Jong (1980), and Smith (in prep.).
DeGeer moraines are generally found in clusters of 2 or 3 to 30 or more,
and in a variety of shapes and sizes. The moraines occur most commomly in groups
of straight or arcuate short ridges. In many cases, however, the moraines are
defined by the linear arrangement of separate subconical mounds. In still
other situations the moraines comprise irregular accumulations of sediment between bedrock outcrops. Sometimes the moraines are singly- or doubly-bifurcate,
and occasionally they describe S-shaped forms. In southwestern Maine, near
the western limit of marine submergence, many of the clusters of DeGeer moraines
are linked by transverse, esker-like ridges.
Height, width, and length of DeGeer moraines vary both within groups
of moraines and between moraine clusters. Measurement of these attributes of
the moraines in the few available exposures provides the following general
information: (a) height of moraines is on the order of 6-7 m.; (b) width of
moraines is between 12 and 18 m.; (c) maximum continuous length of moraines is
about 1.5 km. While these figures are representative of those moraines measured,
the actual range of measurements for moraines in the coastal zone is greater.
It would appear, in fact, that there is a continuous gradation in size from the
most subtle moraine ridge form to the large stratified moraines. The only
apparent pattern to the distribution of size is one in which moraines become
progressively larger from valley center to valley side. In local instances,
it can also be shown that moraines become larger and more widely spaced when
traced in an upvalley direction.
Cross-sectional profiles of DeGeer moraines are predominantly asymmetric,
though the degree of asymmetry is variable. Distal slopes are consistently
steeper (20-35°) than are proximal slopes (15-300). As a general rule,
asymmetry increases as the size of the moraine increases. The significance of
the asymmetry is as yet unclear. It has been reported by other workers, and may
result from either ice-push or squeezing of material from beneath the ice front.
Spacing between individual moraine crests is relatively constant within
moraine clusters, but varies considerably between clusters. Jong (1980) measured spacing within groups of 9 to 36 moraines, and found that spacing, on
the average, ranges from 66 m to 93 m, with an overall average of 70 m. Bloom
(1960) found that in southwestern Maine, average spacing of moraines is 76m.
Jong has further suggested that spacing of moraines is related to size, with
smaller moraines being more closely-spaced than larger moraines.
Composition
The DeGeer moraines are composed of till, poorly-sorted sand and gravel,
well-sorted fine sand and silt, or any combination of these materials. Bedrock
is not uncommonly found within the moraines (eg., moraines have been draped
over bedrock highs). In a general way, the DeGeer moraines appear to have been
constructed of whatever material was available to be pushed up at the ice front.
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DeGeer moraines studied by Jong (1980) in east-central coastal Maine
consist, for the most part, of interbedded pebble and cobble gravel and fine
to coarse sand. Although some moraines may consist prodominantly of wellsorted sand, and others are composed entirely of gravel, it is more commonly
the case that the moraines consist of a core of poorly-sorted gravel overlain
by well-sorted and well-stratified sand. In some instances, the overlying sand
contains thin beds of silty or sandy marine clay.
The stratified sediments comprising the moraines display a variety of
sedimentary structures that are suggestive of fluvial deposition. Flow
directions indicated by sedimentary structures are invariably toward the
distal slopes of moraines. The sediments record deposition in a near-ice
environment by glacial meltwater flowing both as sheetwash and in confined
channel systems.
The sand and gravel DeGeer moraines described by Jong (1980) are commonly
severely deformed. Thrust faults and recumbent folds occur within the moraines
at both large and small scales. In the few cases where orientation of striae
or till fabrics can be measured in close proximity to the moraines, direction
of last ice movement is normal (or at a high angl~) to fold axes. Thrust
planes dip toward the proximal slopes of moraines at angles of 150 to 300, and
traces of thrust planes are parallel to moraine axes (perpendicular to last
ice movement).
DeGeer moraines composed of till are currently being studied by Bingham
(1980) in the vicinity of Sedgewick, Maine. These moraines, morphologically
similar to the sand and gravel moraines, consist of compact gray-brown silty
till and gray sandy till. Both tills are clearly waterlain, and probably
include both basal melt-out till and subaqueous flow till. The deformational
structures associated with the sand and gravel moraines are not seen in the
till moraines at Sedgewick, though they do occur in kame terrace deposits
associated with the moraines.
The DeGeer moraines are overlain, in sharp contact, by either silty clay
of the Presumpscot Formation or fine sandy subaqueous outwash sediments.
Although very few exposures indicate the nature of the materials underlying the
moraines, they have been seen overlying till on the proximal slopes of large
moraines, and have also been observed overlying marine clay in situations
where there was local readvance of ice during construction of the moraines.
Large Moi""aines
Morphology
The large moraines of the coastal zone display the same general pattern
and form as do the minor moraines, though on a larger scale. In general,
they comprise linear or arcuate ridges of broadly lobate form that tend to be
arranged concex downvalley over topographic highs and concave downvalley in
topographic lows (Figure 3). This pattern, also observed wi'th DeGeer moraines,
is commonly seen in present-day glaciers that terminate at the sea. It reflects
the fact that topographic highs serve as pinning points for marine-based ice,
while topographic lows are sites of deeper water and accelerated ice retreat
by calving.
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Many of the large moraines display a beaded aspect when viewed along
strike. This configuration, particularly well-displayed in large moraines
of the southwestern coastal zone, also characterizes the Waldoboro Moraine,
and has been noted by Borns (1980) in describing the large moraines of the
eastern coastal zone. Narrow, sharp-crested ridge forms are generally
composed of bouldery till, while the broader, beaded portions of the moraines
are composed of the entire assemblage of recessional sediments (Figures 2 and
4). In some instances, moraine ridges comprise the proximal slopes of large
flat-topped deltas, In all cases, the moraines are considered to have been
formed in a subaqueous (submarine) setting. Beaded portions of the moraines
were constructed at sites of active glaciofluvial deposition, either at the
ice front or at the grounding line. The narrower till ridges were formed by
ice push or dumping of till at the ice front in areas not influenced by
glaciofluvial sedimentation.
The large moraines display the same cross-sectional asymmetry as do
the DeGeer moraines. Size of the moraines varies, but dimensions fall within
the following general limits: heigh - 10 to 20 m.; width at base - 100 to 200
m.; length of individual segments - 0.5 to 4 km.
The spacing between large moraines has not yet been studied in any
systematic fashion. Spacing of the larger moraines does, however, appear to
be less regular than is the case for DeGeer moraines. In Lincoln and Knox
Counties (Figure 1), the largest moraines occur in linear clusters of 3 to 6
or more moraines across a belt as much as 30 km.wide parallel to the present
coast. Each cluster is from 1 to 4 km.wide with individual moraines spaced
from 100 m.to more than 600 m.apart. The Waldoboro Moraine complex is the
most prominent of these clusters, and can be traced from the vicinity of
Camden to the Kennebec River. In their general arrangement, these moraines
are very similar to the moraine belts of the Salpausselka described by
Gluckert (1975) and others in southern Finland.
Composition
The composition of the large moraines has been described by Stemen
(1979), Smith and other (1980), and Smith (in press) in central coastal Maine
and by LePage (1979) and Borns (1980) in eastern coastal Maine. As mentioned
previously, composition of the large moraines varies along strike, reflecting
differences in the processes involved in moraine formation from one segment to
another. Beaded segments of the large moraines, because they are commonly
well-exposed in gravel excavations, have been studied in some detail. The
till segments of these moraines are not well-exposed and, therefore, have not
been studied. The Waldoboro Moraine in Lincoln and Knox Counties is particularly well-exposed, and provides a fine opportunity for study of the composition of the large stratified moraines. The following discussion, excerpted
from Smith (in press), provides a summary of the internal character of the
Waldoboro Moraine in the study area. The generalized stratigraphy of this
portion of the moraine can be applied to many of the large moraines found in
the coastal zone of central and southern Maine, and is similar to the statigraphy of the large moraines in eastern Maine.
In eastern Lincoln County and western Knox County, the Waldoboro Moraine
actually consists of a series of three major moraine ridges (Figure 4). The
ridges span a distance of roughly 2 km. between Whitney Corner and White Oak
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Corner (Figure 3), and the individual ridge crests are spaced 600-700 m. apart.
The moraine ridges trend northeast-southwest, normal to the direction of last
ice movement (Figure 1), and are superimposed upon an esker that trends
northwest-southeast.
Sediments within each of the moraine segments consist of the following
sequence of deposits (Figure 4): {a) moderately well-sorted ice-contact
(esker) gravel and sand, overlain by (b) evenly-bedded, gently-dipping, coarse
to fine subaqueous outwash sand. The sand intertongues in the distal direction
with silt and clay of the Presumpscot Formation. Both units (a) and (b) are
overlain, in erosional contact, by (c) compact lodgment till. The till is
overlain by (d) silt and clay of the Presumpscot Formation, and (e) beach
deposits.
Several details of the stratigraphic and structural relationships of
these sediments are of particular importance. Units (a) and (b) are severely
deformed. Ice-contact gravel has been thrust over distances of several meters
upward into the subaqueous outwash. Thrust surfaces dip to the northwest,
and axes of recumbent folds associated with thrusting are aligned parallel to
the ridge axes. Till appears as a carapace over the proximal slopes of the
ridges, and displays a strong northwest-southeast fabric, parallel to the
younger set of striations recorded on nearby bedrock outcrops. These relationships imply local readvance of ice over the moraine sediments from a northwesterly direction.
Intertonguing of subaqueous outwash and marine silt and clay is indicative
of the contemporaneity of ice withdrawal and marine submergence. The repetition of 'the stratigraphic sequence normal to the trend of the moraine ridges
clearly suggests a picture of regular retreat of an active ice front, discharging large volumes of sediment into the sea along the ice margin (or
grounding line). and periodically readvancing to produce the ridge forms and
deformation within the moraine sediements.
CONCLUSIONS
The distribution, morphology, and stratigraphy of coastal end moraines
and related glacial and glaciomarine sediments indicates that during final
deglaciation of coastal Maine: (a) marine submergence was contemporaneous
with deglaciation (eg., the retreating ice was marine-based); (b) ice
retreat was accomplished, in large part, by calving of ice into the open
sea; (c) oscillations of the ice front were superimposed on the general
pattern of ice retreat.
Form lines constructed on the basis of the distribution of moraines
(Figure 5) define a pattern of ice retreat parallel to the present coastline, except in southwestern Maine where form lines swing inland and become
nearly perpendicular to the present coastline. The pattern of form lines
further suggests that rates of ice retreat were greater in western Maine, an
area mostly above the marine limit, than they were in central and eastern
Maine. Form lines in eastern Waldo County may indicate that Penobscot Bay
developed as a calving embayment during late stages of ice withdrawal from
the coastal zone. If this proves to be the case, it is possible that ice
was partitioned into separate domes east and west of the Penobscot River, and
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Figure 5.

Ice-frontal positions of retreating Late
Wisconsinan ice in coastal Maine. (Data for
eastern Maine after Borns, 1980.)

that subsequent ice retreat in eastern Maine took place quite independently
of that in central and southern Maine.
Radiocarbon dates from shells in glaciomarine sediments provide the
following general chronology for deglaciation of coastal Maine: (a) Ice
had retreated to the position of the present coastline in southwestern Maine
by 13,800 yr. B.P., and remained in the general vicinity of the coastline until
13,200 yr. B.P. (b) Ice retreat west of the Penobscot River progressed rapidly
inland, so that central Maine was ice-free by about 12,800 yr. B.P. (c) Ice
retreat and submergence in eastern Maine was interupted by the Pineo Ridge
readvance. Rapid ice withdrawal from Pineo Ridge resulted in deglaciation
of central eastern Maine by 12,500 yr. B.P. (d) Emergence of central and
southern Maine began at inland positions by at least 12,200 yr. B.P., and had
reached the position of the present coastline by about 11,400 yr. B.P. Emergence of eastern coastal Maine was complete by 12,100 yr. B.P.

-43-

REFERENCES
Bingham, M.P., 1980, Internal characteristics and or1g1n of washboard
moraines in southeastern coastal Maine (abs.): Geol. Soc.
Amer., Abs. with Progs., v. 12, no. 2, p. 24.
Bloom, A.L., 1960, Late Pleistocene changes of sea level in southwestern
Maine: Augusta, Maine Geological Survey, 140 p.
Borns, H.W., Jr., 1973, Late Wisconsin fluctuations of the Laurentide ice
sheet in southern and eastern New England; in Black, R.F.,
Goldthwait, R.P., and Wilman, H.B. (eds.), The Wisconsinan Stage:
Geol. Soc. Amer. Mem. 136, p. 37-45.
---~--~'

1980, Glaciomarine geology of the eastern coastal
zone; field trip guide, trips A & D: 6th Biennial AMQUA Conference,
Orono, 18 p.

_______ , and Hughes, T., 1977, The implications of the Pineo
Ridge readvance in Maine: Geogr. Phys. Quat., v. XXXI, p. 203-206.
Elson, J.A., 1968, Washboard moraines and other minor moraine types; in
Fairbridge, R.W. (ed.), Encyclopedia of Geomorphology: New York,Reinhold, p. 1213-1219.
Gluckert, G., 1975, The Second Salpausselka at Karkilla, southern Finland:
Bull. Geol. Soc. Finland, v. 47, p. 45-53.
Goldthwait, L., 1949, Clay survey, 1948: Maine Devel. Comm. Rept. State
Geologist 1947-1948, p. 63-69.
Jong, R., 1980, Small push moraines in central coastal Maine: Ohio Univ.,
Athens, unpub. M.S. thesis, 75 p.
LePage, C., 1979, The composition and genesis of a marine-deposited end
moraine, eastern Maine (abs.): Geol. Soc. Amer. Abs .. with Progs.,
v. 11, no. 1, p. 22.
Rust, B.R. and Romanelli, R., 1975, Late Quaternary subaqueous outwash
deposits near Ottawa, Canada; in Jopling, A.V. and McDonald,
B.C. (eds.), Glaciofluvial and""""Glaciolacustrine Sedimentation:
Soc. Econ. Pal. and Miner. Spec. Pub. 23, p. 177-192.
Smith, G.W., 1974, Surficial geology of Knox County; in Caswell, W.B.
(ed.), State of Maine Physical Resource Series 1--:- Knox County:
Augusta, Maine Geol. Survey, p. 7-20, pl. 1.
, 1980, End moraines and the pattern of last ice retreat from
central and south coastal Maine (abs.): Geol. Soc. Amer. Abs.
with Pro gs., v. 12, no. 2, p. 84.

---~-

-44-

, 198la, Chronology of Late Wisconsinan deglaciation of
coastal Maine (abs.): Geol. Soc. Amer. Abs. with Progs.,
v. 13, no. 3, p. 178.

~~~~~.

, 198lb, End moraines and glaciofluvial deposits of Cumberland
and York Counties, Maine (map): Augusta, Maine Geol. Survey Spec. Pub.

~~~~~

, in press, End moraines and the pattern of last ice retreat
from central and south coastal Maine; in Larson, G.J. and Stone,
B.S. (eds.), Late Wisconsinan Glaciation of New England: KendallHunt Pub. Co.

~~~~~

prep., End moraines and glaciofluvial deposits of
Sagadahoc, Lincoln, and Knox Counties, Maine

~~~~~'in

~~~~~'

in prep., DeGeer moraines of coastal Maine.

, Stemen, K.S., and Jong, R., 1979, The Waldoboro Moraine
and associated morainal ridges, Lincoln and Knox Counties,
Maine (abs.): Geol. Soc. Amer. Abs. with Progs., v. 11, no. 1, p. 54.

~~~~~

Stemen, K.S., 1979, Glacial stratigraphy of portions of Lincoln and Knox
Counties, Maine: Ohio Univ., Athens, unpub. M.S. thesis, 67 p.
Thompson, W.B., 1979, Surficial geology handbook for coastal Maine:
Augusta, Maine Geol. Survey, 68 p.

-45-

Shell hash in the gravel beaches on islands of the central Maine coast

ALLEN C. MYERS

13 Saehem Village, WeJ.it Lebanon, NH 03784

ABSTRACT
The occurrence of crushed calcareous material -- termed shell
hash -- within the gravel beaches of the central Maine coast reflects
the interaction of wave energy, the range of sizes of terrigenous
particles, and the production of calcareous material by the local
flora and fauna.
Sites including mud as the smallest terrigenous
particles accumulate shell hash which includes a large proportion
of material formed in place.
Sites which include sand and pebbles
as their smallest terrigenous particles do not accumulate shell hash
because it is ground up by the movement of the terrigenous particles.
Sites which include mainly cobbles and boulders as the smallest
terrigenous particles develop a shell hash horizon up to 30 cm thick
beneath the surficial pavement of cobbles and boulders. Such layers
do not accrete, but rather attain a dynamic equilibrium between carbonate particles arriving on the beach and their loss through
pulverization within the beach. These observations suggest that the
latter beaches are starved for the smaller terrigenous particles,
and that the place of the lacking particles is taken by shell hash,
which is continuously generated via the production of calcareous
organisms just offshore from the beach.
INTRODUCTION
Studies of littoral carbonate deposits in temperate and boreal
regions have generally been directed at modifying the view that
significant carbonate deposits develop only in tropical areas (cf.
Chave, 1967), or at their relationship to post-glacial sea level
changes (Hessland, 1943). Recent work in Europe and the eastern
U.S. indicates the awakening interest in carbonates as components
in the sedimentary environments of temperate and boreal regions
(see Fitzgerald, Parmenter, and Milliman, 1980, and Leonard and
Cameron, 1979, for references).
During a survey of invertebrates living in the intertidal zone
of cobble beaches on the outer islands of the central Maine coast,
I observed that crushed shells formed a discrete layer beneath a
surf icial pavement of cobbles and boulders in the foreshores of
some pocket beaches.
Raymond and Stetson (1932) and Leonard and
Cameron (1979) have described beaches in Maine composed predominantly of shells, and other workers are describing the offshore
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distribution of carbonate materials in the Gulf of Maine and
adjacent waters (Fitzgerald et aL 1980, and references therein).
The carbonate fraction of sandy beaches has also received attention in the general literature, but carbonate in gravel beaches
does not seem to have been addressed. This report is a contribution towards filling that void.
METHODS
Observations of 34 gravel pocket beaches were made on six
islands of the central Maine coast (Fig. 1) during summer; fall,
and winter seasons between 1970 - 1976. The beaches ranged in
length from 10 m to 100 m. Observations of two mainland estuarine
sites are included for comparison.
All of the beaches on Allen
Island (16) and Harbor Island (7) were visited, permitting observations of beaches exposed to different wave climates. Most sites
were visited only once, but Pond Cove on Allen Island (east side)
was studied on seven different occasions including two visits in
winter. Observations below low tide level were made from a boat,
or by diving.
Observations were directed primarily at determining the distribution, extent, and thickness of carbonate materials.
Samples
of shell hash were collected for granulometric analysis, though
this has not yet been done.
No data on wave characteristics were
collected. Terrigenous sediment particles fell into discrete size
classes, so that -- although no rigorous analyses were done -- the
terms "pebble", "cobble", and "boulder", as recorded in the original
field observations and used in this report, denote distinct sizes
approximating their standard dimensional limits as given in
Shepard (1963).
The calcareous material was variously composed of the whole
and crushed shells of bivalves, barnacles, gastropods, echinoderms,
and fragments of coralline algae.
It occurred in a range of sizes,
dominated by coarse to very coarse sand size.
In this report, this
material is referred to as "shell hash", regardless of the constituent sources and proportions.
This terms corresponds to the terms
"Schill" and "Bruchschill" of German workers (Reineck, 1970), and
does not imply the semi-lithified state or the tropical origin of
"coquina".
RESULTS
Observations are summarized in Table I, and schematic stratigraphic sections are given in Figure 2 (A-E) for some of the sites.
Shell hash in any appreciable quantity was notably absent in
three types of beach or beach zone:
(1) where the foreshores were
dominated by sands or pebbles ( e.g. Burgess Cove; the pebble beaches
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Figure 1.

Locality map of sites studied on the central Maine coast.

Table I.

Summary of Characteristics of Study Sites.

Locality

Facing
Direction

Jones Cove

SW

Maple Juice Cove
NW tidal creek
"point bar"

SSE

Carver Cove
West side

NNE

Towards
Open sea
via river
mouth

Into protected
waterway

Northeast Beach

Babbidge Island
Eastern beach
SW end of Island
(tombolo)

Calcareous Material

Mud --7 boulders

Whole shells derived in place,
plus shell hash mixed with mud;
disintegrating by dissolution.
Fig. 2A

Mud ---7 bedrock

Whole sh el ls (Mytil.M) derived in
place and forming a pavement over
MyWLv.i debris mixed with mud;
locally, barnacle plate shell
hash up to 15 cm thick reworked
by tidal currents.

Angular pebbles

Thin discontinuous pockets of
shell hash under surficial
pebble layer

Into cove
within
estuary

South side

Matinicus Island
Burgess Cove

Range of
Terrigenous Sediment
Sizes Exposed

1
ii::.

Sand

~

cobbles

No shell hash; whole bivalve,
oo
1
crustacean, and echinoderm shells
in wrack zone and beach ridge.

~

bedrock

Shell hash occurs beneath the
surf ic~al cobbles at the north
end of the beach only; smells of
H2 S; colored rusty brown or black.

w

Open sea

Sand

NE

Outer
Penobscot
Bay

Sand

SSE

East
Penobscot
Bay

No shell hash; the beach is colored
yellowish-green by echinoid spines.

Coarse sand --?small Shell hash mixed with pebbles in
cobbles
lower foreshore only. Fig. 2B
Coarse sand
pebbles

~

large

Shell hash on surface, formed
into megaripples

Table I.

continued

Locality_
Allen Island
Pond Cove

North beach

Facing
Di_rection_ _ Towards
Open sea

Pebbles

NNE

Mainland

Sand

Open Sea

Pebbles

~bedrock

No shell hash present

Open sea
Open

Boulders ~bedrock
Large angular
boulders

No shell hash present

~

~

bedrock

bedrock

SE

Open sea

Pebbles

~boulders

SW side

S-SW

Open sea

Pebbles

~

N side

N-NE

Burnt
Coat
Harbor

Sand

SSE

Open sea

Large angular
boulders

Clark Island
Shore face

Calcareous Material

SSE

West side beaches WSW
South end
"beaches"
S-SSE
SSE
Mid-east side
(shoreface)

Harbor Island
SE beach

Range of
Terrigenous Sediment
Si~es_ Exposed

bedrock

~bedrock

Shell hash occurs in a discrete
horizon (up to 22+ cm thick)
beneath a surf icial layer of
cobbles and boulders in the midand lower foreshore.
Shell hash
is well-sorted and fresh-looking.
Exposed as 5-10 cm layer on bedrock subtidally. Fig. 2C, E
No shell hash; few whole shells.

Shell hash and some terrigenous
particles fill interstices; with
depth, shell hash degenerates to
carbonate muck.
Shell hash horizon developed in
mid- and lower foreshore beneath
surficial cobble-boulders. Fig. 2D
Discontinuous pockets of shell
hash found beneath cobbles and
boulders, where pebbles were
absent.
No shell hash present; some whole
shells.
Shell hash in interstices; well
worn or disintegrating into
muck.

I
.i:::.
l.D

I
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on the west side of Allen Island); (2) in the pebble/cobble dominated upper foreshores of those beaches in the mid- and lower
foreshores of which shell hash was abundant ( e.g. Pond Cove on
Allen Island; Harbor Island SE beach); and (3) where only large
rounded boulders were present, resting on smoothly abraded bedrock (e.g. southern end of Allen Island).
In contrast, shell hash was generally present (1) in the
mixed mud-gravel environments of the mainland coves, where it was
dominated by calcareous material produced in place (Fig. 2A);
(2) as shell hash/carbonate muck in the interstices among large
angular boulders armoring shorefores ( e.g. Allen Island, E side;
Clark Island, SE side); and (3) as a well-sorted coarse-grained
horizon in the mid- and lower foreshores of beaches dominated by
rounded cobbles and boulders (Fig. 2, B-E).
Most of the beaches had been developed directly on bedrock.
However, three of them -- Burgess Cove; the eastern end of Babbidge
Island; and the northernmost of the Allen Island west side beaches
-- were developed on a sandy-silt-clay stratum armored against
wave attack by pebbles and cobbles of the upper foreshore.
These
strata outcropped in the lower foreshore and were supplying sand to
this zone.
In addition, the eastern beach at Babbidge Island
included a thin peat layer over the silty clay and under the surficial pebble/cobble layer.
The subtidal zones of the beaches visited -- regardless of the
range of the terrigenous grain sizes on the beaches themselves -with the exceptions of Maple Juice Cove, the north side of Harbor
Island, and to lesser extents Carver cove and Babbidge Island, were
characterized by hard rock bottoms essentially devoid of terrigenous
sediment, with abundant shell-bearing organisms as well as calcareous algae.
None of the 160 samples of shell hash collected from study
sites included particles identifiable as coming from fossils or
sub-fossil remains, and it is concluded that the shell hash in the
beaches studied was of recent origin, derived from organisms living
on or near the beaches.
Indeed, the shell hash particles in those
cobble/boulder beaches where they were most abundant looked surprisingly fresh and angular considering the grinding expected in
such beaches.
Particle sizes of shell hashes varied on different parts of
the same beach:
at Pond Cove (Allen Island), for example, the
largest particle sizes and the poorest sorting were found on the
NE end of the beach among angular boulders.
In the center foreshore of this same beach as well as subtidally from it, the shell
hash appeared to be very well sorted, and was estimated to fall
into the very coarse sand size class. Particle sizes of calcareous
material at the other sites where it occurred are estimated to have
varied similarly to those at Pond Cove, with the best sorting in
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-52the middle of the beach, decreasing towards the margins -- according to the available hydraulic (wave or tidal) energy.
Where shell hash occurred as discrete layer, its stratigraphic
position was consistent from season to season and year to year for
those sites revisited, Le. , the surficial pavement of cobbles and
boulders did not become buried by shell material.
DISCUSSION
The occurrence and form of shell hash within the gravel beaches
studied appears to depend on (a) the ranges of particle sizes of the
terrigenous sediments forming the beach, particularly the foreshore;
(b) the level of available wave energy; and (c) the supply of calcareous particles.
(A) The ranges of the particle sizes among the terrigenous
sediments in most of the Maine mid-coastal gravel beaches originated
with glacial and pro-glacial sediments, mantled by and mixing with
sediments of the post-glacial marine transgression, and further
modified during the rapid regression associated with the Holocene
coastal emergence (cf. Schnitker, 1974). These sediments, finally,
are being more thoroughly re-sorted again during the current slower
marine transgression.
Gravel pocket beaches -- developed at the heads of seawarddipping bedrock swales - are dominated by offshore/onshore transport
and sorting mechanisms, in contrast to sandy beaches which may be
strongly influenced by longshore transport (cf. Novak, 1972). Thus,
while many sandy beaches receive a continuous supply of sediments
from upcurrent sources (such as river mouths), sediments of gravel
pocket beaches are derived primarily from erosion of the landward
margins of the beach.
As sea level has risen, sediment not transported seaward has been carried landward by overwashing in much the
same way as Dillon (1970) described for Rhode Island barrier beaches,
leaving bedrock (or boulders too large to move) exposed at wave
base. Changes in wave fetch and bottom configuration due to the
gradual submergence of the. islands have dictated which sediment size
classes from among those available have remained on any given beach.
Bluck (1967) found that smaller particles (pebbles) moved seaward through the beach via the interstices created by larger particles (cobbles and boulders) in the foreshore, transported by the
backwash. Particles emerging from the seaward base of the cobble/
boulder framework could either be thrown landward again to repeat
the cycle, or be removed seaward.
In Bluck's model, beach ridges
and storm ridges, together with the erosion of fresh small particles
from beach-head till banks, were considered the sources for the
smaller particles.
In contrast, the beaches described in this report on which
shell hash horizons developed best (Pond Cove on Allen Island;
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smaller.
In cobble/boulder beaches containing appreciable small
terrigenous particles, the cobble/boulder interstices.are filled
by such sediments ( e.g. Burgess Cove; Allen Island and Harbor
Island north beaches).
In pebble- or sand-dominated beaches, it
is likely that carbonate materials are very quickly pulverized
at the beach surface.
Raymond and Stetson (1932), Chave (1967), and Leonard and
Cameron (1979) assert that the accumulation of appreciable
deposits of relatively pure carbonate in boreal and temperate
regions depends on starvation for terrigenous particles at localized sites. Shell hash occurrence in the gravel beaches described
in this report constitutes a specialized application of these
authors' generality.

A continuum of sediment sizes can be selected from among the
sites listed in Table I to illustrate the relationship between
shell hash occurrence and the size of the dominant terrigenous
particles.
(1) Jones Cove retains virtually all the grain sizes
transported to it, and most of the calcareous material at this
site is derived in place and probably disintegrates there.
(2)
Maple Juice Cove and the Babbidge Island tombola are both characterized by a large variety of particle sizes, with shell hash
accumulating on the sediment surface, worked by small waves and
tidal currents.
(3) Burgess Cove sediments, though including
abundant cobbles and boulders, lack the interstices for shell
hash accumulation due to the presence of sand.
(4) Carver Cove
(west side) and some Babbidge Island sites represent pebbly beaches
in which the pebbles are mobile enough to allow the accumulation
of shell hash under them, but not so mobile as to pulverize it
immediately.
(5) The pebble beaches on the west side of Allen
Island typify the restless grinding which prevents the accumulation
of any shell hash:
their most characteristic feature is the music
of pebbles knocking against one another to the ceaseless beat of
the SW swell.
(6) Pond Cove on Allen Island and the SE cobble/
boulder beach on Harbor Island have foreshores dominated by cobbles
and boulders from among which most of the pebbles and finer terrigenous grains have been removed, therefore providing interstices
which shell hash can occupy, developing into a discrete horizon.
(7) The armored shore faces (not beaches, properly) of Allen Island
and Clark Island allow the accumulation -- but not turnover -- of
calcareous materials, so that here calcareous sediment turns to a
pasty muck at depth.
(8) Finally, the large boulder, smoothlyabraded bedrock pockets of the southern margin of Allen Island are
too mobile -- or whatever interstices too open to wave action -for any shell hash to accumulate.
(B) Novak (1972) demonstrated from field observations that
Hjulstrom's curve (which relates water current velocity to sediment mobility) could be extended to cobble-sized sediments in the
swash zone of a gravel beach.
It is tempting to view the continuum
of sediment sizes represented by the sites listed in the previous
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paragraph as corresponding to a continuum of hydraulic energy,
with the finest-grained sites representing the lowest level of
wave or tidal energy, and the coarsest-grained sites representing the highest level of hydraulic energy.
This correspondence,
however, cannot be demonstrated.
Using the methods of Nurrunedal and Stephen (1978), a mean
annual wave power can be calculated for the eight cardinal compass points from the U.S. Navy Surrunary of Synoptic Meterological
Observations (SSMO) (Table II).
TABLE II.

Mean annual wave power for open ocean deepwater
waves, Gulf of Maine.
Calculated from SSMO
data using methods of Nurrunedal and Stephen (1978).
Direction

Wave Power (watts/m)

N

137

NE

93

E

57

SE

73

s

120

SW

165

w

153

NW

205

Clearly, these figures could only apply to those sites facing the
open sea, since they are derived for open ocean deep-water waves.
The data will serve as a first approximation for the relative
wave energy available for those beaches facing the open sea. On
the basis of these data, the cobble/boulder beaches of Allen Island
and Harbor Island containing well-developed shell-hash horizons
fall into the lower end of the energy spectrum (SE-facing). The
highest energy beaches on this basis are the pebble-dominated sites
on the west side of Allen Island. While there thus appears to be
no direct relationship between hydraulic energy and dominant terrigenous gra~n size, there is probably a relationship between hydraulic energy and the mobility of terrigenous particles on the beach,
regardless of their size. The observations discussed in this
paper suggest that mobility of the terrigenous particles may be a
critical factor in the accumulation of appreciable quantities of
shell hash in a given beach, or in its elimination through pulverization.
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Answers to these questions must await direct measurements of
wave climate at each of the study sites.
From the present perspective, it is likely that the grain sizes of the terrigenous
materials at each site are most strongly controlled by the original
distribution of glacial sediments around the topographic highs
which the present islands represented in glacial times as well as
now.
(C) The supply of calcareous material for reduction to shell
hash falls the lot of a very productive calcareous flora and fauna
which is capable of living on the wave-swept rocky bottoms just
seaward of the beaches.
Shell hash horizons found in the cobble-dominated beaches
represent an equilibrium attained between supply from the adjacent
subtidal area and loss through pulverization. Thus the amount of
shell hash found in such beaches will depend on the bottom configuration just seaward of the beach as it controls the size of the
area which waves can affect and from which calcareous materials
can be mobilized and transported toward the beach (the carbonate
drainage basin), as well as on the abundance and production of the
appropriate organisms~
Finally, shell hash horizons may have a functional significance
for non-shell-bearing animals living there.
Fragments of algae were
far more common under cobbles and boulders at Pond Cove (Allen
Island) than between them. The shell hash horizon, which serves to
filter such materials from the backwash, contains an abundant fauna
of low diversity which feeds on the detritus.
By sheltering the
fauna from direct attack by surf and at the same time serving as a
food net, the shell hash horizon may serve to increase biological
productivity and recycle organic matter in an otherwise inhospitable
environment.
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A Quantitative Study of an End Moraine at Roque Bluffs, Maine
ROBERT P. ACKERT, JR.

Department of Geological Sciences
University of Maine, Orono, ME 04469

ABSTRACT
A systematic study was undertaken, including stratigraphy, lithology,
grain-size distribution, and till fabrics of a two-till sequence exposed
within an end moraine at Roque Bluffs, Maine. Results indicated that the
lower till is a regional basal till deposited by ice moving from the northwest. The upper tfll, which is also basal, appears to represent a minor
readvance of the ice flowing from a more northerly direction. The two
tills are separated by stratified sediments which are compatible with the
concept of sheet water flow behind and beyond the margin of a calving ice
front.
INTRODUCTION
The coastal region of eastern Maine contains many well-defined, lobate
recessional end moraines. Generally, these moraines are stratified, consisting of silts, sands, and gravels, interbedded with sandy tills. The
interfingering of morainal material with fossiliferous glaciomarine sediments on the distal sides provides evidence for a submarine origin of
these moraines. At Roque Bluffs, a partial cross-section of an end moraine
approximately 10 m high, 100 m wide, and 500 m long is exposed in a wavecut cliff (Fig. 1). In October of 1977, when fieldwork started, this section was free of slumped material to within one meter of the beach. Two
tills, separated by three-quarters to one meter of stratified boulders,
gravels, sands and silts, w0re exposed. This study was undertaken in order
to determine the nature and relationship of the two tills and the stratified
unit between them, as well as the depositional environment of the moraine.
STRATIGRAPHY
The figures of the cross-section (Fig. 2) and the detailed stratigraphic sections B and C (Fig. 3) were constructed from photographs and
field notes taken in June, 1978. During the winter of 1977-78, wave action
resulted in large slumps which covered the stratified sediments and the
lower till along the entire section. Field work was continued the following
spring by clearing the slump material off the section at four locations sections A through D (Fig. 2). At all locations, the stratified sediments
and lower till were re-exposed. Observations made the previous autumn
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allowed stratigraphic correlation to be made between the sections. Sections B and C were selected for detailed description because they were the
best representatives of the section.
The lower till is highly compact, massive and fissile, breaking into
irregular blocky structures. The color is olive (5Y 5/3). The total percentage of boulders, cobbles, and pebbles was estimated at less than 8 percent (Table 1). The pebbles are commonly striated. There is iron staining
throughout the ttll, around clasts and along joints.
The contact between the lower till and the base of the stratified sediments is wavy and abrupt. At section C, the base of the sediments is a
sandy layer, 8-16 cm thick, which is discontinuous and not present at section B (Fig. 3). In places, the sands exhibit cross-bedded, well-sorted
material, ranging from silt to coarse sand. Above the sandy unit is a
coarse, poorly-sorted boulder sand about 70 cm thick, which, at section B,
is in direct contact with the lower till. Cobbles up to 20 cm are commonly
found, as are occasional boulders. The matrix is a coarse sand with occasional lenses of well-sorted fine sands and silt.
Above the poorly sorted material is a continuous layer of well-sorted
foreset bedded silts and sands, averaging 15 cm in thickness. The beds are
deformed in the upper portion where they are in contact with the base of
the upper till. The contact is irregular.
As compared to the lower till, the upper till is characterized by a
slightly yellower color (5Y 6/3) and a laminated structure. It is less
massive and compact than the lower till and has a sandier matrix. Ironoxide staining is present on pebbles and joints. The estimated percentages
of boulders, cobbles and pebbles are noticeably higher than in the lower
till (Table 1). Above section Band extending approximately 4 m to the
south, a line of cobbles and sorted silts and sands arcs concavely upward
toward the distal stde of the moraine. Thii structure is a thrust plane
containing material from the stratified unit below. A glaciomarine clay
containing pebbles pinches out over the lower till on the distal side of
the moraine.
These observations indicate the following relationship of the stratified
sediments to the tills above and below it. The stratified unit lies continuously and conformably over the lower till and there are no lenses of
sorted material within the lower till, suggesting that the stratified unit
is not contemporaneous with the deposition of the lower till, but was
deposited later. The irregular contact, deformed upper sand layer, and
evidence that some of the stratified material was incorporated into the upper
till suggest that the stratified deposit was then overridden by the glacier
ice which deposited the upper till. Finally, the glaciomarine clay, which
overlies the upper till, requires continued submergence for some time
following the retreat of the ice margin.
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LITHOLOGY
Four samples each of approximately 100 pebbles, whose long axes ranged
between 2 cm and 8 cm, were collected in order to compare the lithologies
of the upper and lower tills. A gridwork of 30-cm squares was constructed
on freshly-exposed faces. All pebbles of appropriate size were collected
from one square before moving on to the next in order to obtain a random
sample. Samples land 3 are from the lower and the upper till, respectively, at section B. Samples 2 and 4 are from the lower and the upper till,
respectively, at section C. The lithologies of the pebbles were later
determined; the results are tabulated in Table 2.
The local bedrock, which is composed of metasedimentary and metavolcanic rocks (Doyle, 1967) accounts for more than 50 percent of the pebbles
recorded in each sample. A pink and a white granite are present in both
tills, the white variety being more common. The only lithology whose proportion was found to differ significantly between the upper and lower tills
was a distinctive pink rhyolite. The percentage of rhyolite in the upper
till is more than double that of the lower till. These results suggest a
change in ice-flow direction from NW-SE to a more N-S direction (Fig. 1).
Other lithologies recorded included granodiorite, diorite, schist, and
quartzite. These lithologies are derived from more distant bedrock outcrops,
and were not present in amounts large enough to justify a statistical analysis. They were grouped together under the category of "others".
GRAIN-SIZE ANALYSES
Samples for grain-size analysis were collected from the ·lower till (samples 1, 2, and 3), the stratified sediments (samples 4, 5, 6, and 8), and
the upper till (samples 9, 11, and 12). The samples were processed using a
sonic sifter and a Coulter counter. The resulting data were analyzed using
a computer program, developed by T. Kellogg (University of Maine, Orono),
which calculated the percentage of the gravel, sand, silt, and clay, the
mean, the standard deviation, the skewness, and the kurtosis. It also
plotted both the cumulative and differential curves of grain-size vs. percent
of sample.
The results of the grain-size analyses of the matrix of the lower and
upper tills are summarized in Table 1. In the lower till, most of the
material is in the sand-silt range, whereas in the upper till, more than
half is in the gravel and sand classes. These results agree with field
observations that the upper till is composed of coarser material than the
lower till. All samples from the lower till are strongly coarse skewed,
while the upper till is, in two cases, strongly fine skewed and in one case
coarsely skewed. Histograms of the till samples show bimodal distributions,
consistent with other till analyses (Folk, 1974).
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Table 1.

Grain-size analyses of the upper and lower
tills exposed in the end moraine.
Lower till

Upper till

Estimated percentage

Estimated percentage

Boulders

1

5

Cobbles

2

8

Pebbles

5

10

Percent of matrix

Percent of matrix

Gravel

13.4

20.2

17.6

19.6

14.0

36.3

Sand

37.3

33.2

35.9

40.5.

56.1

30.2

Silt

30.7

25.6

35.1

22.7

12.8

20.1

Clay

17.1

20.3

10.1

14.2

9.3

12.9

Mean

<j>

Skewness
Sample

4.16

4.16

3.55

3.36

2.46

3.82

-0.60

-0.78

-0.43

+0.51

+1.88

-0.15

1

2

3

9

11

12

Table 1.

Table 2. Percentage of lithologies in the
upper and lower tills exposed in the end
moraine.
Upper till

Lower till

1

2

3

4

Pink Granite

11.8

2.9

7.8

2.2

White Granite·

17.6

16.2

7.8

16.6

Pink Rhyolite

4.4

2.9

8.7

12.2

53.6

72.0

61.1

59.9

5.8

5.9

15.1

8.8

Sample

Metasedimentary
& Metavolcanic
Others*

*Includes granodiorite, diorite, schist, and
quartzite.
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The results of the grain-size analyses of the samples from the stratified unit and observations of cross-bedding and sorting within the unit
suggest that the material was deposited in a water-current environment
which was probably submarine (Table 3). The differential plot of sample 5
from the lower sandy layer shows a normal Gaussian distribution, characteristic of well-sorted, water-laid material (Folk, 1974)(Fig. 4). Although
sample 6, which was collected from the matrix of the boulder-sand, shows
little sorting, it is evident that the fines have been washed away. Samples
4 and 8 from the lower and upper sand layers, respectively, are bimodal,
but the nearly normal shape of the two peaks su9gest that two separate
lenses of material were simultaneously sampled.
TILL FABRICS
.Two till fabrics were measured in the lower till at section C. Till
fabric l was located at the base of the section, while till fabric 2 was
located just below the stratified unit (Fig. 2). Till fabrics 3 and 4 were
located in the upper till, one meter above the stratified unit at sections B
and C, respectively. The till fabrics were measured on freshly-exposed
vertical faces one meter~wi<le; by 0.5 meters high. For each fabric, the
strikes and dips of 50 pebbles were recorded. Only pebbles whose long axes
measured between 2 cm and 6 cm and whose ratio of long axis to intermediate
axis was greater than 1.5 were recorded. The strike data were plotted as
mirror image rose diagrams, with the strikes grouped into 5 degree intervals
(Fig. 5). The strikes and dips were plotted in three dimensions on a
Schmidt net and contoured as 2 percent intervals (Fig. 6).
Both the rose diagrams and three-dimensional diagrams of till fabrics
l and 2 exhibit well-developed fabrics with a single maximum, trending in a
NW-SE direction. In comparison, the two- and three-dimensional diagrams of
the till fabrics measured in the upper till show less developed fabrics.
Till fabric 3 exhibits a nearly random fabric with a slight preference for
the NW and SE quadrants. Till fabric 4 exhibits several maxima, one oriented
NNW-SSE and two at nearly right angles to it. Such diagrams are labelled
transverse (Holmes, 1941) and are commonly found. Holmes attributed the
transverse maxima to rotation of the pebbles while they were carried above
the base of the ice as opposed to the usual maximum which he attributed to
sliding at the base of the ice. These results coincide with the results of
the lithology study, suggesting a change in the ice-flow direction to a more
N-S direction.
CONCLUSIONS
The till fabric data and field observations indicate that the lower till
is a lodgement till. The fabrics are well developed and trend nearly parallel
to local striations (140°, 142°, 155°).· The material is unsorted, fissile,
and massive, with few large clasts, and the pebbles are smoothed and commonly
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Table 3. Statistical treatment of the grainsize analyses of selected samples collected
from the end moraine.
Sample

6

7

4

5

0.0

3.7

54.6

0.6

Sand %

14.9

90.3

38.9

71. 6

Silt %

66.2

2.5

2.7

18.0

Clay %

18.6

2.9

3.9

7.5

Gravel %

Mean ~

6.36

2.19

. 0.13

3.14

Standard ~
Deviation
Skewness

1.76

1. 35

2.48

2.46

-1.14

2.30

4.48

1. 60

0.27

11.30

4.87

-0.31

Kurtosis

Table 3.
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Figure 5. Till fabric rose diagrams from the exposed end moraine.
· Fabrics 1 and 2 are from the lower till and fabrics 3 and 4 are
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striated (Flint, 1971). The grain-size analyses of the tills show that
the upper and the lower tills are measurably different and do not represent
the same drift sheet. The grain-size analyses, as well as the lack of
angular, unsmoothed clasts or sorted material within the till other than
that which was incorporated into it from the unit below, suggest that the
upper till is neither an ablation till (Drake, 1971) nor a flow till
(Boulton, 1977 and Evanson, 1977). Rather this evidence suggests that the
upper till, like the lower till, is a basal deposit. Although weak till
fabrics such as 3 are sometimes indicative of an ablation or a flow till,
the random fabric could also oe expected in a moraine.
No reasonable attempt to explain the genesis or depositional environment of a Pleistocene stratigraphic unit along the Maine coast can be made
without taking into account what is known of the relative sea-level fluctuations which have occurred there (Bloo~, 1963, and Stuiver and Borns, 1975).
Briefly, the land was isostatically depressed by a continental ice sheet.
Following ice recession, the rise of postglacial eustatic sea level led to
submergence of the deglaciated land. Finally, lagging, postglacial rebound
caused re~emergence to the present coastline.
Emerged shorelines on Mount Desert Island (Borns, pers. comm.) and
Waldoboro (Smith and Andersen, 1975) give evidence that, at the present coastline, relative sea level during ice recession was approximately 100 m above
present sea level. The lobate, cross-cutting, recessional end moraines of
the coastal zone are characteristic of an active receding ice margin, as
opposed to a stagnant ice margin. This evidence suggests a calving-margin
model of ice recession (Hughes, pers. comm.). The following interpretation
of the Roque Bluffs end moraine conforms to the data collected in this study
and what is known of the sea level and regional history of the ice margin.
As the ice front calved back, the 11 depositional 11 mode at the base of the ice
was wet-melting, hence, sheet water flow developed behind the margin. As the
marginal area of the ice became afloat, the basal load of the ice melted out.
The fine sands and silts were washed away in the currents and were deposited
beyond the margin as the sub-glacial water entered the sea, leaving an unsorted sand-cobble lag (Fig. 7). This accounts for both the unsorted sands

Sea level

Ice

6
6

Till

Figure 7.

Washed deposits

Sorted sands

6

Generalized cross section of ice margin.
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and gravels (sample 6), and the sorted cross-bedded silts and sands (samples
4, 5, and 8) found above the lower till. A minor readvance, probably
related to calving, could account for the superposition of the coarse washed
material over the fines, and later the fines being in turn deposited over the
coarse material. Subsequently, a significant readvance, which involved ice
flowing from a more northerly direction, overrode the stratified sediments
and deposited the upper till. After ice recession, the glaciomarine clays
were deposited over the moraine. The flowtills and washed and sorted sediments found in other moraines of the coastal zone are absent at Roque Bluffs,
probably having been eroded, leaving only the basal till composing the proximal side.
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The James Bowdoin Mineral Collection

BENJAMIN B. BURBANK

Voluntary Curator of minerals,
Department of Geology
Bowdoin College, Brunswick, Maine*

In the years immediately following 1800, the study of mineralogy and geology in America was off to a good start. This was
inspired by the increased formal study of these sciences in Europe, the increasing need for industrial metals and minerals by
the colonists, and the gradual relaxation of religious prejudice
against the teaching of these subjects. Bowdoin College is acknowledged as one of the leading centers of activity in the geological sciences during this time (Frondel, 1970). Prof. Parker
Cleaveland, teaching these sciences at Bowdoin, was the motivating force and he had a very complete and valuable collection to
work with, the James Bowdoin mineral collection.
James Bowdoin III, son of Gov. Bowdoin of Massachusetts,
being very well educated and scientifically inclined, was much
interested in the study of mineralogy and geology and purchased
nearly everything in print on the subjects, including the works
of Rene Haily, Professor and Curator of minerals at the School of
Mines, in Paris, France, whose famous five volumes were published
in 1801. Haily's work so impressed Bowdoin that he negotiated
for the purchase of a mineral cqllection from him.
In 1806, the
collection was assembled and catalogued by a Mr. Lucas. According to the catalog it consisted of 449 specimens and 58 crystal
models done in clay. Actually there were 480 mineral specimens
because Mr. Lucas had a propensity for duplication of numbers.
Bowdoin was apparently so impressed with the ceramic crystal
models that shortly afterward he purchased a more complete set
of some 300 pieces.
About 1806 Bowdoin obtained 119 specimens of rocks and minerals from William Maclure, mostly European, with ·a few from New
England. Maclure travelled extensively in Europe visiting most
of the famous early localities. For his later extensive work in
America he became known as the father of American Geology.
To this fine collection Bowdoin added considerable scientific apparatus, an electrometer, a goniometer, a specific
*This article is published posthumously, and has been edited by
A. M. Hussey, II, Chairman, Dept. Geology, Bowdoin College.

-72gravity balance, chemicals and blow-pipes; so that at this early
date he had a very fine and complete collection composed primarily of early European specimens.
Bowdoin's health was rather poor and later, in 1810, it became quite serious, so much so that Benjamin Vaughn, M.D., a
friend of both Bowdoin and Parker Cleaveland, addressed a letter
(Cleaveland papers, Bowdoin College Library) in which he discussed Bowdoin's rapidly failing health and said among other
things " ... you will at the same time have his collection of
minerals .... ". Just over a year later, Oct. 11, 1811, James
Bowdoin III died at age 59. His will bequeathed the mineral
collection, scientific apparatus and his extensive library
(James Bowdoin III Library, Bowdoin College Library) to Bowdoin
College. On Dec. 3, 1811, John Abbot received the material on
behalf of the college and recorded (Bowdoin College Records,
Bowdoin College Library) that it consisted of 623 mineral specimens, 385 crystal models, scientific apparatus and an extensive
library. Mr. Abbot placed a value of $400.00 on the mineral
collection and $200.00 on the crystal models. There is no record to indicate whether or not this price had any relation to
what Bowdoin may have paid Hally.
In May, 1812, just a few months after arrival of the collection, Parker Cleaveland made a report (College Records, 1812,
Bowdoin College Library) to the board of overseers of the college which stated "The James Bowdoin Collection is very valuable
both in regard to variety and quality of specimens. In addition
to the minerals there is also a very fine collection of crystallography consisting of 385 models. This collection is composed
of two parts: one containing 56 models of crystals in porcelain
clay designed to illustrate Haily's very beautiful:theory of.the
formation of crystals. The other part consists of 329 models of
crystals in painted clay, designed to exhibit the various primary and secondary forms natural crystals assume." Cleaveland
made a new catalog for the collection which included the Maclure
specimens and all the crystal models as well as the original
Hally specimens and it was done in longhand French for the most
part.
It was most opportune for Cleaveland that this collection
arrived when it did, because he was already working on the manu=
script for his text An_Elementary Treatise on Mineralogy and
Geology, the first in America, which was published in Boston,
1816. The James Bowdoin Collection is therefore unique historically for it ties together the work of Rene Hally, father of
crystallography; William Maclure, father of American geology
and Parker Cleaveland, father of American mineralogy.
It is
doubtful if any other early American collection can claim this
distinction. The story of what has happened to this collection
since the days of Parker Cleaveland, who died in 1858, and what
is being done to restore it is the subject of this article.
In 1872 Peleg W. Chandler, son-in-law of Cleaveland, de-

-73cided to establish a memorial to his famous father-in-law;
Chandler financed the rebuilding of the top of Massachusetts
Hall on the Bowdoin College Campus so that it became a fairly
large museum. At the dedication in 1873, Parker's nephew, Nehemiah Cleaveland named it "The Cleaveland Cabinet". The Cabinet
contained the James Bowdoin Collection in two large show cases
on the north wall; in other cases around the room were Cleaveland' s private collection and the large college collection he had
assembled.
In the center of the floor was the Shattuck Shell Collection in glass-topped cases. For many years· following, the
James Bowdoin Collection was often referred to as the Hafty Collection. The Cleaveland Cabinet was quite an attraction into the
early 1900's. The writer well remembers seeing it many times as
a small boy.
The college was expanding quite rapidly and therefore space
for classrooms and offices became a problem.
It first resulted
in selling the Shattuck Shell Collection to clear the main floor,
and next moving some minerals and display cabinets to the Searles
Science Building where classes in mineralogy were being held.
When more space was required, during the teens and early twenties, it was decided to cull the remaining specimens in Massachusetts Hall, eliminating what appeared to be .the least spectacular
material. Well over a thousand specimens were destined for the
dump, including a considerable portion of the James Bowdoin Collection. Samuel Furbish, then treasurer of the college, asked for
and was given the entire lot of culls which he placed in storage
in a shed back of his brother's hardware store in Brunswick,
where it remained well into the nineteen-thirties. In the spring
of 1938 the brother, Benjamin Furbish, contacted the writer, knowing his interest in minerals, and offered the entire lot because
he needed the space they occupied. Again space problems were
hounding the Cleaveland Cabinet of Minerals. Needless to say the
boxes and barrels of specimens were accepted and placed in dry
storage for examination at leisure. What may have appeared dull
and uninteresting to those doing the culling, was often historically valuable. The years in the shed back of the hardware store
resulted in many labels falling off, rotting or otherwise becoming lost so that tracing back to the original collection is very
difficult, involving much detective work and ingenuity. However,
some of the specimens are slowly being identified and returned
to the collection at the college by the writer.
Even after the Cleaveland Cabinet had been rigorously culled
it occupied too much space and finally it was boxed and placed
in the basement of the college chapel, a humid and often wet
place where labels molded, fell off and rotted.
Some specimens
were stolen. This condition existed until 1956.
Bowdoin College had dropped mineralogy and geology from its
curriculum following Prof. Meserve's death in 1941 and did not
reinstate the courses until 1956 when Prof. M. W. Bodine was appointed. The intervening fourteen years were particularly hard
on the collections as almost no interest in the specimens existed.
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many labels being lost he started a new general catalog, listing specimens by an assigned number and species name. Some
twenty to thirty percent of the specimens had enough of the
original labels to identify them positively to belong in a definite collection. The others were listed only by number and spe~
cies name. The work was not completed when Prof. Bodine went on
to another college and Dr. Arthur M. Hussey II came to take the
department. Dr. Hussey continued the work as time permitted,
and much labor with ingenuity, as well as detective work, resulted in some 4500 specimens being tentatively catalogued. Of
these over a hundred specimens were of the James Bowdoin Collection. The work is being continued by the writer and today there
are just over 170 of the James Bowdoin specimens accounted for.
The remainder of the original 599 specimens which included Hatty
and Maclure material probably will never be found, because of
loss of original labels.
The Hatty Crystal Models have been much easier to properly
identify and now 254 out of a possible 385 have been located.
Three models (Fig. 1) help to illustrate Hatty's theory of the
formation of crystals by the buildup of identical integrant
particles arranged in a definite order.
The geometric forms that minerals assume when crystallized
constitute the bulk of Hatty's models and Fig. 2 shows five examples. Originally each model had a small paper label cemented
to it giving a number, name and crystalline form. Such labels
are just barely visible in the photograph; most have become illegible or detached and lost. With Hatty's atlas of crystal
model drawings, Tome Cinquime, Traite De Mineralogie~, it is
not difficult to assign to each the number, name and form originally designated on the labels. Some of the models show the
effects of age, wear and actual abuse. Corners are knocked off
and occasionally fractures of considerable consequence exist.
The whole collection is being recatalogued, minerals and
crystal models, using a card index in such a manner that the
original catalog applies and Haily's system of classificatio~ is
preserved for historical reasons. Haily had four classes for
minerals as follows: Substances acidiferes, Substances Terreuses,
Substances Combustibles, Substances Metallique. He used a numbering system for specimens that ran consecutively through all
four classes. A cross reference is being set up listing mineral
and petrology specimens by present day names and classification.
It is divided into three parts; mineralogy, petrology and curios.
At the time when Haily made up the collection for James Bowdoin
it was common practice to include under the general heading of
minerals, both rocks and minerals and to add a few curiosities
and man-made substances as one's fancy dictated. This is true
of the James Bowdoin collection, which lists under minerals
quite a few rocks and curios such as a calcified bird's nest,
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cast pieces of tin, lead, bismuth, antimony and chemicals made
in the laboratory, such as salammoniac and blue vitriol. The
number of these curios is not great, being well under five percent. One amusing example is specimen No. 249 classed under
"substances metallique".
It is a lump of melted and oxidized
lead, the result of a bolt of lightning striking The Alms House
and Lunatic Asylum, in Paris, France. The following is a translation of the French under specimen No. 249 in the original
catalog.
"Lead melted and oxidized by the fluide electric,
coming from the ball of the dome of the Salpetriere 1, when i t was thunder-struck by the thunder~
From Paris."
As a last appendix to the catalog Hafiy included a fragment
of a meteorite observed to fall near Normandy, France. The following is a translation of the French in the original catalog:
"Last app~ndix
Bolide 2
Bodies fall from the atmosphere in different places
of the earth, commonly rocks fallen from heaven.
Specimen number 449 a fragment of a rock fall~n
from the atmosphere the 6 floreal at l'Aigle department del'orne 3 •
See the memoirs of Messes, Dedrie, Biot and
Lambotin, Journal of Physics floreal ~nd prairal

,,

An XI 5 "
It is hoped that this will be found in the mass of yet unidentified specimens. Two fragments of the same meteorite are
in the Smith Collection at Harvard University.
The James Bowdoin Collection is predominantly European with
the exception of a very few New England specimens obtained from
William Maclure. Of the 119 Maclure specimens, the most part

1

Salpetriere

2

Bol{de

3

Aigle department de l'orne

= Alms .House and Lunatic Asylum.

= fallen from the atmosphere.

qFloreal and prairial
Republic Calender.
5

An XI

=

1802-03

=

=

town near Normandy France.

8th & 9th month of First French

(Figures, facing page)
Figure 1. Three clay models used to illustrate Hattys theory
of the formation of crystals by the buildup of identical integrant particles in a definite order.
Figure 2. Five typical glazed clay models made by Hatty (maximum dimension 5 cm) .
Model No. 1, Hattys No. 16:Argent antimonie sulfuri~, didodeca~dre (pyrargyrite) •
Model No. 2, Hatty's No. 1: Quartz hyalin, dodeca~dre.
Model No. 3, Hatty's No. 61: Amphygene, primitif (leucite).
Model No. 4, Hattys No. 167: Anatase, primitif.
Model No. 5, Hattys No. 123: Strontiane sulfatee, bisunitare (celestitel.
Figure 3. Calcite from Andreasberg, Harz, Germany
(15 x 9 x 5 cm .. I
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Figure 4. A typical page from the original Hafiy catalogue

-79are European because he travelled extensively in Europe, collecting from many famous early localities before settling down to
his famous early geological work in America. The Bowdoin Collection represents a broad overall coverage including some
original localities from which minerals received their names and
other localities long since exhausted. There are beautiful small
crystals of cobaltite from Tunaberg, Sweden., and splendid crystals
of malachite and azurite from the Baron Demidorff mine, Nizhne
Tagilsk, Siberia. Fig. 3 is a calcite specimen from Andreasberg,
Harz, Germany, size 15 x 9 x 5 cm. Haily's catalog lists it as
specimen No. 9, "Chaux Carbonatee, prismatique, Andreasberg,
Harz."
A careful study of the specimens in the Bowdoin Coll.ection
should reveal minerals other than Haily's listing, as it is evident in many cases that there are associated minerals on specimens naroed only for the major constituent. One example is Haily's
specimen No. 193 which he designated as "Cocolithe ou pyroxene,
granular." Examination reveals it to be clinochlore, grossular
and diopside (alalite) quite definitely from Ala Valley, Piemonte, Italy, although Haily gave no locality.
Mineral names have changed since Haily's time, and a copy
of a typical page of his catalog, Fig. 4, illustrates this;
"disthene" is the old name for kyanite and 11 grammatite 11 that for
tremolite. The catalog usually included Kirwin and Werner
names, and in this case Werner's names show a trend to present
day names.
In conclusion it seems that enough of the original James
Bowdoin Collection has been found and identified to make it an
outstanding historical collection.
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