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Surficial Geology
Legend

The map above shows the geology of the surface of the ocean floor
This map of Maine’s inner continental shelf is based on geophysical data
bottom samples, National Ocean Service provisional bathymetric maps anc
published nautical charts. These data were supplemented with botton
photographs and direct observations from submersibles. Experience witl
these data, together with side-scan sonar images (the underwater equivalen
of aerial photographs), permitted generalized mapping of the inne
continental shelf.

The map areas shown by the four colors below were not directly
imaged with side-scan sonar. Contacts between these geologic units werc
inferred, based on bathymetry and other information (sce Features anc
DataSource Map).

The bright colors on the map and in the Interpretation of Side:
Scan Sonar Images legend to the right show arcas of seafloor imaged by
sonar. The linear colored swaths on the map above follow ship tracklines
and have a width that represents the sonar swathto eachside of thevessel.

ROCKY - Rugged, high-relief seafloor is dominated by
bedrock outcrops (ledge) and is the most common type on the
Maine inner continental shelf, especially in depths of less thar

60 m (~200 ft). Accumulations of coarse-grained sediment
occurinlow-lying arcas and at the base of rock outcrops.

GRAVELLY - Generally flat-lying areas are covered by coarse-
grained sediment, with clasts up to several meters (vards) ir
diameter. In some arcas gravel and boulders directly overli¢

bedrock. These deposits are not presently accumulating on the
shelf but represent Pleistocene (Ice Age) material. Ripples ar¢
common in well-sorted gravel, indicating that some of the oldei
glacial sediments are presently being reworked by waves,
currents, and tides.

SANDY - Generally smooth seafloor consists primarily of sand-
sized particles derived from rivers, reworked glacial deposits
and/or biogenic shell production. This bottom type, althougt
well represented in southwestern areas, is the least common or
the Maine inner continental shelf.

MUDDY - Deposits of fine-grained material form a generally
flat and smooth seabed commonly found in sheltered bays and
estuaries and at depths of greater than 60 m (~200 ft). In somg¢
submarine valleys the mud may be meters (yards) thick. Deeg
depressions (gas-escape pockmarks) occurin some muddy bays.

L iE_ 5

A. Side-scan sonar image (left) of Rg and Gr areas of the seafloor and their interpretation
(right). Intheimage, gravelly areas appear dark gray and bedrock outcrops show irregulat
perimeters, dark (soundreflective) streaks and light gray acoustic shadows. Fractures are
prominent in the bedrock; gravelly areas have low relief.

(right). Sandy scafloor is lighter gray and appears smooth while the gravelly seafloor has
wave ripples with straight crestlines about 1 m (3 ft) apart. Sgareas occuras a patchwork of
S and Gtypes, but are too small to discriminate at this map scale.

Interpretation of
Side-Scan Sonar Images
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On side-scan sonar images, rock, gravel, sand, and mud reflect acoustic energy differently and
appear as various shades of gray printed by the instrument's recorder. The classification scheme above is
unique and based on the acoustic reflectivity of the Maine inner continental shelf. The dominant "end
member" (Rock, Gravel, Sand, or Mud) is abbreviated with a capitalized first letter. A less abundant,
subordinate scafloor type is represented with a lower case letter (r, g, s, or m). For example, a
predominantly rocky seabed with gravel infilling fractures is designated Rg. The sixteen combinations of
seafloor types shown above are used for areas where side-scan sonar coverage exists and appear as bright
colors onthe map. Inareasbeyond the scan range only four generalized units were used (see the Surficial
Geology Legend).

When individual units of rock, gravel, sand, and mud were greater than 10,000 m? in area (about
the size of 3 football fields), they were mapped as separate features. In many places, however, a
heterogeneous seabed composed of numerous small features required composite map units. Inarcas where
no single seafloor type exceeded 10,000 m2, a composite map unit wasused. The selection of map units to
describe this complexity involves a compromise between providing detailed information where it exists,
and generalizing where data are scarce or absent. In many places the seabed is composed of numerous
small features, none exceeding the minimum area of 10,000 m2. Consequently, not all details in the sonar
records could be presented on this map. It should be realized that spatial heterogeneity exists at all scales,
evendownto areas less thana square meter (ten square feet).

Rockyields a strong, dark, acoustic return. In areas with steep bathymetric relief and fractures,
light acoustic shadows are visible within the dark areas of rock (see adjacent panels A, C, and D). Gravel
deposits also produce a relatively strong acoustic return (black to dark gray), and are often closely
associated with rock, but lack relief (A, B, C, D). Sand produces a much weaker acoustic return (light to
dark gray) than either gravel or rock, and usually lacks local relief (B). Mud yields a very weak surface
return (light gray to white) and, except where it accumulates on steep slopes or near gas-escape
pockmarks, it is associated with a smooth seabed (D). The Surficial Geology section in the far right
columndescribesthe distribution and abundance of these areas on Maine's inner continental shelf.

C. Side-scan sonar image (right) of S, G, and R with sharp boundaries and theit
interpretation (left). Ripplesinthe gravelly seabed producealternating light and dark bands
while the sandy surface is more uniformly gray. These ripples have a2 m (6 ft) wavelength.,
The rocky outcrop rises above the surrounding seafloor.

D. Side-scan sonar image (right) of M and Rg seafloor types and their interpretation (left)
Muddy seafloor is uniformly light gray although the tonal difference on the left edge is ¢
recorder artifact. A mixture of rocky outcrops has an irregular dark gray appearance while
gravelly troughs appear smooth and dark gray.

Features

and

Data Source Map

W

F>)

Muscongus
Bay

Johns
Bay

Penobscot X
Bay

P

INTRODUCTION

Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an
important role in understanding the origin of, as well as the ongoing processes that shape and change the
earth's surface. Asinthe terrestrial environment, maps are also instrumental inaiding the sound economic
development of natural resources. They also provide guidance to natural hazards that exist within the
landscape. Aspeopleincreasingly work on, in, and beneaththe sea, the need to better understand regional
marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series,
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on
specific locations and original field descriptions exists in the associated report: The Seafloor Revealed:
The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1).

Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted
inthe pastdecade. Recently thatinformation, along with other previously published data, was compiled in
a geographic information system (GIS) to produce this map. The data compiled for this series of maps
were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast,
previous studies, and sources of otherinformation.

Bedrock geology defines the overall shape of the Maine coastline by controlling the location and
orientation of islands, bays, and peninsulas. Bedrock reliefisalso primarily responsible forthe variability
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud.
Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot
withless bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast
and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes,
including waves and tides, continue to reshape the seafloor sediments and create productive marine
habitats of the Gulf of Maine.

Sea-level change has had a profound effect on the location and duration of sediment reworking
and deposition. Duringthe complex changes of sealevel overthe last 14,000 years, coastal and terrestrial
erosion stripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-level lowering)
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are
generally rockier than deeperregions. The shallower zone lost some of its sediment cover through wave
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also
experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of
the Maine coast records these and many other changes that have taken place since glaciers retreated inland
and the seainvaded the western Gulf of Maine (4, 5, 6).
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Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is
analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet
than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces.
Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical
lincat 13:40.

METHODS

Navigation and Map Compilation

Navigation fixes in the outer estuaries and offshore areas were made at 2 to 5 minute intervals
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries,
radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted
to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS).

Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical
tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and
geology based onother geophysical data and samples, (3) digitize the dralted interpretationinto a GIS, (4)
compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6)
assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline
and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles.

Bathymetry

Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m
contour interval in many locations that is too complex for inclusion on this map. Difficulty in
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created
many possible errors, especially in areas where accompanying geophysical data were lacking. For this
reason, these maps should not be used for navigation. More detailed and accurate NOS conventional
nautical charts should beused for navigation.

Bottom Samples

Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data
Source Map for locations in this region). Two attempts were made at each station where the sampler
initially returned empty, after which the site was considered a rock bottom. A Smith-McIntyre stainless
steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of
Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off
rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations
to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were
generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations
were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
the University of Maine. Depending on the level of funding or specific needs of a particular project,
samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy
minerals (see Table 1 of Reference 1).

Side-Scan Sonar Profiles

Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an
EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfish at a nominal
frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m
wide swath beneath the research vessel), although ranges from 25 to 300 m (80 to 1000 [t) were
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the
Interpretation of Side-Scan Sonar Imagesfor further details.

Seismic Reflection Profiles

Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in
conjunctionwith side-scansonar data (see simultancous seismic and side-scanimages above). ARaytheon
RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallow water
(0 to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomer" (0.5 to 200 kHz) seismic system
was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly
sediment. Although seismic reflection profiles are mostuseful in constructing the geological history of an
area, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
age and nature of the surficial sediment are easily interpreted.
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The information appearing on this map is not complete for navigation. Mariners are
cautioned to use National Ocean Service nautical charts for navigation in this area.

SURFICIAL GEOLOGY

Introduction

The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
most complex of any place along the Atlantic continental margin of the United States. Igneous,
metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
processes, including shell formation, bioturbation, and organic matter cycling have also altered the
sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
geology of this map, the geomorphology of the seafloor has also beenmapped. The Physiographic Map of
the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
series of surficial geologic mapsinasingle, smaller scale map.

RockyAreas

Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
(33 ft)deep, large outcrops of rock are relatively rare in deep offshorebasins.

The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
fractures and elongate outcrop patterns common in layered metamorphic rocks as well as more rounded
bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofafew
tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
"Rock greaterthanmud" (Rm; for anexplanation of abbreviations see Interpretation of Side-Scan Sonar
Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
the seafloor. Rm also occurs as small areas seaward of tidal flats in nearshore basins. "Rock greater than
sand" (Rs) existsonly ina few locations offshore of beaches.

Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
off the outcrop (8). Bedrock fractures and troughs also have a similar mixture of shell and rock clasts. For
this reason, extensive, "pure" rock outcrops were infrequently mapped. Instead, fractured bedrock and
small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
rock" (Gr), two of the most common seafloortypes observed.

¥ [ Ms-87-20

Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
with the seismic reflection profile to the left. Thisimage shows a plan view of the seafloor (much like an
acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
ship track followed the black center line over the bottom. Both of these images were made using sound
waves.

Gravelly Areas

Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloor
itself. Gravelisabundantinonly afew locations: off the Kennebec River mouth where deltaic sediments
are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In areas
where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
broad linear bands near submerged moraines.

As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
agobenecath glacialice .

SandyAreas

Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
Age.

Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
mud, graveland a variety of shell fragments.

"Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
difficult unit to map because mixtures of mud and sand look similar onacoustic images. The only mapped
areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.

MuddyAreas

Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Maine coast.

Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
are quicter hydrodynamic conditions, whichfavor the slow settling of small particles, or their entrapment
by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
deepwater, mud mustbe derived from winnowing and erosion of deposits in shallow water.

Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
Passamaquoddy Bays (7,8).

"Mud greater thanrock" (Mr) occurs in some deepwater locations, but "mud greater than gravel”
(Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
sizes of materials. "Mud greater than sand" (IMs) occurs seaward of the sandy area of Saco Bay and is
mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
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the Maine inner continental shelf.

Rockyields a strong, dark, acoustic return. In areas with steep bathymetric relief and fractures,

light acoustic shadows are visible within the dark areas of rock (see adjacent panels A, C, and D). Gravel
deposits also produce a relatively strong acoustic return (black to dark gray), and are often closely
associated with rock, but lack relief (A, B, C, D). Sand produces a much weaker acoustic return (light to
dark gray) than either gravel or rock, and usually lacks local relief (B). Mud yields a very weak surface
return (light gray to white) and, except where it accumulates on steep slopes or near gas-escape
pockmarks, it is associated with a smooth seabed (D). The Surficial Geology section in the far right
columndescribesthe distribution and abundance of these areas on Maine's inner continental shelf.

Shipwreckswith ID#, see:
The Seafloor Revealed
for more source information

Samples, Smith-Maclntyre grabs 4
X w2239

1

and vibracores

MUDDY - Deposits of fine-grained material form a generally
flat and smooth seabed commonly found in sheltered bays and
estuaries and at depths of greater than 60 m (~200 ft). In somg¢
submarine valleys the mud may be meters (yards) thick. Deeg
depressions (gas-escape pockmarks) occurin some muddy bays.

D. Side-scan sonar image (right) of M and Rg seafloor types and their interpretation (left)
Muddy seafloor is uniformly light gray although the tonal difference on the left edge is ¢
recorder artifact. A mixture of rocky outcrops has an irregular dark gray appearance while
gravelly troughs appear smooth and dark gray.

Natura gas deposits, buried
benesth the seafl oor

Misc. features, dump sites, cable aress,
Territoria Sea (3 nmi) limit

(right). Sandy scafloor is lighter gray and appears smooth while the gravelly seafloor has
wave ripples with straight crestlines about 1 m (3 ft) apart. Sgareas occuras a patchwork of
S and Gtypes, but are too small to discriminate at this map scale.

/

Seismic reflection profile
tracklines

Submersibledives

INTRODUCTION

Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an
important role in understanding the origin of, as well as the ongoing processes that shape and change the
earth's surface. Asinthe terrestrial environment, maps are also instrumental inaiding the sound economic
development of natural resources. They also provide guidance to natural hazards that exist within the
landscape. Aspeopleincreasingly work on, in, and beneaththe sea, the need to better understand regional
marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series,
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on
specific locations and original field descriptions exists in the associated report: The Seafloor Revealed:
The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1).

Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted
inthe pastdecade. Recently thatinformation, along with other previously published data, was compiled in
a geographic information system (GIS) to produce this map. The data compiled for this series of maps
were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast,
previous studies, and sources of otherinformation.

Bedrock geology defines the overall shape of the Maine coastline by controlling the location and
orientation of islands, bays, and peninsulas. Bedrock reliefisalso primarily responsible forthe variability
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud.
Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot
withless bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast
and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes,
including waves and tides, continue to reshape the seafloor sediments and create productive marine
habitats of the Gulf of Maine.

Sea-level change has had a profound effect on the location and duration of sediment reworking
and deposition. Duringthe complex changes of sealevel overthe last 14,000 years, coastal and terrestrial
erosion stripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-level lowering)
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are
generally rockier than deeperregions. The shallower zone lost some of its sediment cover through wave
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also
experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of
the Maine coast records these and many other changes that have taken place since glaciers retreated inland
and the seainvaded the western Gulf of Maine (4, 5, 6).
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Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is
analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet
than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces.
Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical
lincat 13:40.

METHODS

Navigation and Map Compilation

Navigation fixes in the outer estuaries and offshore areas were made at 2 to 5 minute intervals
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries,
radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted
to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS).

Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical
tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and
geology based onother geophysical data and samples, (3) digitize the dralted interpretationinto a GIS, (4)
compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6)
assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline
and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles.

Bathymetry

Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m
contour interval in many locations that is too complex for inclusion on this map. Difficulty in
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created
many possible errors, especially in areas where accompanying geophysical data were lacking. For this
reason, these maps should not be used for navigation. More detailed and accurate NOS conventional
nautical charts should beused for navigation.

Bottom Samples

Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data
Source Map for locations in this region). Two attempts were made at each station where the sampler
initially returned empty, after which the site was considered a rock bottom. A Smith-McIntyre stainless
steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of
Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off
rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations
to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were
generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations
were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
the University of Maine. Depending on the level of funding or specific needs of a particular project,
samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy
minerals (see Table 1 of Reference 1).

Side-Scan Sonar Profiles

Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an
EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfish at a nominal
frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m
wide swath beneath the research vessel), although ranges from 25 to 300 m (80 to 1000 [t) were
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the
Interpretation of Side-Scan Sonar Imagesfor further details.

Seismic Reflection Profiles

Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in
conjunctionwith side-scansonar data (see simultancous seismic and side-scanimages above). ARaytheon
RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallow water
(0 to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomer" (0.5 to 200 kHz) seismic system
was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly
sediment. Although seismic reflection profiles are mostuseful in constructing the geological history of an
area, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
age and nature of the surficial sediment are easily interpreted.
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cautioned to use National Ocean Service nautical charts for navigation in this area.

SURFICIAL GEOLOGY

Introduction

The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
most complex of any place along the Atlantic continental margin of the United States. Igneous,
metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
processes, including shell formation, bioturbation, and organic matter cycling have also altered the
sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
geology of this map, the geomorphology of the seafloor has also beenmapped. The Physiographic Map of
the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
series of surficial geologic mapsinasingle, smaller scale map.

RockyAreas

Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
(33 ft)deep, large outcrops of rock are relatively rare in deep offshorebasins.

The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
fractures and elongate outcrop patterns common in layered metamorphic rocks as well as more rounded
bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofafew
tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
"Rock greaterthanmud" (Rm; for anexplanation of abbreviations see Interpretation of Side-Scan Sonar
Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
the seafloor. Rm also occurs as small areas seaward of tidal flats in nearshore basins. "Rock greater than
sand" (Rs) existsonly ina few locations offshore of beaches.

Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
off the outcrop (8). Bedrock fractures and troughs also have a similar mixture of shell and rock clasts. For
this reason, extensive, "pure" rock outcrops were infrequently mapped. Instead, fractured bedrock and
small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
rock" (Gr), two of the most common seafloortypes observed.
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Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
with the seismic reflection profile to the left. Thisimage shows a plan view of the seafloor (much like an
acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
ship track followed the black center line over the bottom. Both of these images were made using sound
waves.

Gravelly Areas

Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloor
itself. Gravelisabundantinonly afew locations: off the Kennebec River mouth where deltaic sediments
are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In areas
where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
broad linear bands near submerged moraines.

As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
agobenecath glacialice .

SandyAreas

Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
Age.

Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
mud, graveland a variety of shell fragments.

"Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
difficult unit to map because mixtures of mud and sand look similar onacoustic images. The only mapped
areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.

MuddyAreas

Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Maine coast.

Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
are quicter hydrodynamic conditions, whichfavor the slow settling of small particles, or their entrapment
by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
deepwater, mud mustbe derived from winnowing and erosion of deposits in shallow water.

Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
Passamaquoddy Bays (7,8).

"Mud greater thanrock" (Mr) occurs in some deepwater locations, but "mud greater than gravel”
(Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
sizes of materials. "Mud greater than sand" (IMs) occurs seaward of the sandy area of Saco Bay and is
mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
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Surficial Geology
Legend

The map above shows the geology of the surface of the ocean floor
This map of Maine’s inner continental shelf is based on geophysical data
bottom samples, National Ocean Service provisional bathymetric maps anc
published nautical charts. These data were supplemented with botton
photographs and direct observations from submersibles. Experience witl
these data, together with side-scan sonar images (the underwater equivalen
of aerial photographs), permitted generalized mapping of the inne
continental shelf.

The map areas shown by the four colors below were not directly
imaged with side-scan sonar. Contacts between these geologic units werc
inferred, based on bathymetry and other information (sce Features anc
DataSource Map).

The bright colors on the map and in the Interpretation of Side:
Scan Sonar Images legend to the right show arcas of seafloor imaged by
sonar. The linear colored swaths on the map above follow ship tracklines
and have a width that represents the sonar swathto eachside of thevessel.

ROCKY - Rugged, high-relief seafloor is dominated by
bedrock outcrops (ledge) and is the most common type on the
Maine inner continental shelf, especially in depths of less thar

60 m (~200 ft). Accumulations of coarse-grained sediment
occurinlow-lying arcas and at the base of rock outcrops.

GRAVELLY - Generally flat-lying areas are covered by coarse-
grained sediment, with clasts up to several meters (vards) ir
diameter. In some arcas gravel and boulders directly overli¢

bedrock. These deposits are not presently accumulating on the
shelf but represent Pleistocene (Ice Age) material. Ripples ar¢
common in well-sorted gravel, indicating that some of the oldei
glacial sediments are presently being reworked by waves,
currents, and tides.

SANDY - Generally smooth seafloor consists primarily of sand-
sized particles derived from rivers, reworked glacial deposits
and/or biogenic shell production. This bottom type, althougt
well represented in southwestern areas, is the least common or
the Maine inner continental shelf.

MUDDY - Deposits of fine-grained material form a generally
flat and smooth seabed commonly found in sheltered bays and
estuaries and at depths of greater than 60 m (~200 ft). In somg¢
submarine valleys the mud may be meters (yards) thick. Deeg
depressions (gas-escape pockmarks) occurin some muddy bays.
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A. Side-scan sonar image (left) of Rg and Gr areas of the seafloor and their interpretation
(right). Intheimage, gravelly areas appear dark gray and bedrock outcrops show irregulat
perimeters, dark (soundreflective) streaks and light gray acoustic shadows. Fractures are
prominent in the bedrock; gravelly areas have low relief.

B. Side-scan sonar image (left) of S, Sg, and G areas of seabed and their interpretation
(right). Sandy scafloor is lighter gray and appears smooth while the gravelly seafloor has
wave ripples with straight crestlines about 1 m (3 ft) apart. Sgareas occuras a patchwork of
S and Gtypes, but are too small to discriminate at this map scale.

Interpretation of
Side-Scan Sonar Images
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On side-scan sonar images, rock, gravel, sand, and mud reflect acoustic energy differently and
appear as various shades of gray printed by the instrument's recorder. The classification scheme above is
unique and based on the acoustic reflectivity of the Maine inner continental shelf. The dominant "end
member" (Rock, Gravel, Sand, or Mud) is abbreviated with a capitalized first letter. A less abundant,
subordinate scafloor type is represented with a lower case letter (r, g, s, or m). For example, a
predominantly rocky seabed with gravel infilling fractures is designated Rg. The sixteen combinations of
seafloor types shown above are used for areas where side-scan sonar coverage exists and appear as bright
colors onthe map. Inareasbeyond the scan range only four generalized units were used (see the Surficial
Geology Legend).

When individual units of rock, gravel, sand, and mud were greater than 10,000 m? in area (about
the size of 3 football fields), they were mapped as separate features. In many places, however, a
heterogeneous seabed composed of numerous small features required composite map units. Inarcas where
no single seafloor type exceeded 10,000 m2, a composite map unit wasused. The selection of map units to
describe this complexity involves a compromise between providing detailed information where it exists,
and generalizing where data are scarce or absent. In many places the seabed is composed of numerous
small features, none exceeding the minimum area of 10,000 m2. Consequently, not all details in the sonar
records could be presented on this map. It should be realized that spatial heterogeneity exists at all scales,
evendownto areas less thana square meter (ten square feet).

Rockyields a strong, dark, acoustic return. In areas with steep bathymetric relief and fractures,
light acoustic shadows are visible within the dark areas of rock (see adjacent panels A, C, and D). Gravel
deposits also produce a relatively strong acoustic return (black to dark gray), and are often closely
associated with rock, but lack relief (A, B, C, D). Sand produces a much weaker acoustic return (light to
dark gray) than either gravel or rock, and usually lacks local relief (B). Mud yields a very weak surface
return (light gray to white) and, except where it accumulates on steep slopes or near gas-escape
pockmarks, it is associated with a smooth seabed (D). The Surficial Geology section in the far right
columndescribesthe distribution and abundance of these areas on Maine's inner continental shelf.
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C. Side-scan sonar image (right) of S, G, and R with sharp boundaries and theit
interpretation (left). Ripplesinthe gravelly seabed producealternating light and dark bands

while the sandy surface is more uniformly gray. These ripples have a2 m (6 ft) wavelength.,
The rocky outcrop rises above the surrounding seafloor.

D. Side-scan sonar image (right) of M and Rg seafloor types and their interpretation (left)
Muddy seafloor is uniformly light gray although the tonal difference on the left edge is ¢
recorder artifact. A mixture of rocky outcrops has an irregular dark gray appearance while
gravelly troughs appear smooth and dark gray.
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INTRODUCTION

Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an
important role in understanding the origin of, as well as the ongoing processes that shape and change the
earth's surface. Asinthe terrestrial environment, maps are also instrumental inaiding the sound economic
development of natural resources. They also provide guidance to natural hazards that exist within the
landscape. Aspeopleincreasingly work on, in, and beneaththe sea, the need to better understand regional
marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series,
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on
specific locations and original field descriptions exists in the associated report: The Seafloor Revealed:
The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1).

Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted
inthe pastdecade. Recently thatinformation, along with other previously published data, was compiled in
a geographic information system (GIS) to produce this map. The data compiled for this series of maps
were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast,
previous studies, and sources of otherinformation.

Bedrock geology defines the overall shape of the Maine coastline by controlling the location and
orientation of islands, bays, and peninsulas. Bedrock reliefisalso primarily responsible forthe variability
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud.
Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot
withless bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast
and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes,
including waves and tides, continue to reshape the seafloor sediments and create productive marine
habitats of the Gulf of Maine.

Sea-level change has had a profound effect on the location and duration of sediment reworking
and deposition. Duringthe complex changes of sealevel overthe last 14,000 years, coastal and terrestrial
erosion stripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-level lowering)
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are
generally rockier than deeperregions. The shallower zone lost some of its sediment cover through wave
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also
experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of
the Maine coast records these and many other changes that have taken place since glaciers retreated inland
and the seainvaded the western Gulf of Maine (4, 5, 6).

- = ﬁ-“: :_--.:'.T'l ".
| Ms-g7-20 [ rwmamder s vasmmane 45°30°  VE=67X
S— e TS

L
T R e e R 4.-:"':;? 10°
Ship travel direction ——p» E 5°
S, - ’ - R .._.11..' ..... ~
o r
Bedrock :

L 100 m
o

Outcrop

Seafloor

Sediment

Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is
analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet
than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces.
Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical
lincat 13:40.

METHODS

Navigation and Map Compilation

Navigation fixes in the outer estuaries and offshore areas were made at 2 to 5 minute intervals
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries,
radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted
to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS).

Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical
tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and
geology based onother geophysical data and samples, (3) digitize the dralted interpretationinto a GIS, (4)
compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6)
assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline
and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles.

Bathymetry

Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m
contour interval in many locations that is too complex for inclusion on this map. Difficulty in
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created
many possible errors, especially in areas where accompanying geophysical data were lacking. For this
reason, these maps should not be used for navigation. More detailed and accurate NOS conventional
nautical charts should beused for navigation.

Bottom Samples

Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data
Source Map for locations in this region). Two attempts were made at each station where the sampler
initially returned empty, after which the site was considered a rock bottom. A Smith-McIntyre stainless
steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of
Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off
rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations
to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were
generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations
were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
the University of Maine. Depending on the level of funding or specific needs of a particular project,
samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy
minerals (see Table 1 of Reference 1).

Side-Scan Sonar Profiles

Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an
EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfish at a nominal
frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m
wide swath beneath the research vessel), although ranges from 25 to 300 m (80 to 1000 [t) were
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the
Interpretation of Side-Scan Sonar Imagesfor further details.

Seismic Reflection Profiles

Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in
conjunctionwith side-scansonar data (see simultancous seismic and side-scanimages above). ARaytheon
RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallow water
(0 to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomer" (0.5 to 200 kHz) seismic system
was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly
sediment. Although seismic reflection profiles are mostuseful in constructing the geological history of an
area, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
age and nature of the surficial sediment are easily interpreted.

v

Map Series Index

2 1. Piscataqua River to Biddeford Pool (96-7)

2. Ogunquit to Kennebec River (96-8)

1 3. Cape Elizabeth to Pemaquid Point (96-9)

4. Boothbay Harbor to North Haven (96-10)

To purchase copies of this map, contact the 5. Rockland to Bar Harbor (96-11)

Maine Geological Survey,

22 State House Station, Augusta, Me 04333. 6. Mt. Desert Island to Jonesport (96-12)
Telephone: (207) 287-2801 ]
Web Site: http://www.maine.gov/doc/nrime/nrime.htm 7. Petit Manan Pt. to West Quoddy Head (96-13)

Samples, Smith-Maclntyre grabs
and vibracores

Natura gas deposits, buried
benesth the seafl oor

Shipwreckswith ID#, see:

The Seafloor Revealed

for more source information

Misc. features, dump sites, cable aress,
Territoria Sea (3 nmi) limit

Seismic reflection profile
tracklines

Submersibledives

Not to be Used for Navigation

The information appearing on this map is not complete for navigation. Mariners are
cautioned to use National Ocean Service nautical charts for navigation in this area.

SURFICIAL GEOLOGY

Introduction

The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
most complex of any place along the Atlantic continental margin of the United States. Igneous,
metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
processes, including shell formation, bioturbation, and organic matter cycling have also altered the
sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
geology of this map, the geomorphology of the seafloor has also beenmapped. The Physiographic Map of
the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
series of surficial geologic mapsinasingle, smaller scale map.

RockyAreas

Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
(33 ft)deep, large outcrops of rock are relatively rare in deep offshorebasins.

The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
fractures and elongate outcrop patterns common in layered metamorphic rocks as well as more rounded
bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofafew
tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
"Rock greaterthanmud" (Rm; for anexplanation of abbreviations see Interpretation of Side-Scan Sonar
Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
the seafloor. Rm also occurs as small areas seaward of tidal flats in nearshore basins. "Rock greater than
sand" (Rs) existsonly ina few locations offshore of beaches.

Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
off the outcrop (8). Bedrock fractures and troughs also have a similar mixture of shell and rock clasts. For
this reason, extensive, "pure" rock outcrops were infrequently mapped. Instead, fractured bedrock and
small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
rock" (Gr), two of the most common seafloortypes observed.
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Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
with the seismic reflection profile to the left. Thisimage shows a plan view of the seafloor (much like an
acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
ship track followed the black center line over the bottom. Both of these images were made using sound
waves.

Gravelly Areas

Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloor
itself. Gravelisabundantinonly afew locations: off the Kennebec River mouth where deltaic sediments
are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In areas
where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
broad linear bands near submerged moraines.

As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
agobenecath glacialice .

SandyAreas

Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
Age.

Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
mud, graveland a variety of shell fragments.

"Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
difficult unit to map because mixtures of mud and sand look similar onacoustic images. The only mapped
areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.

MuddyAreas

Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Maine coast.

Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
are quicter hydrodynamic conditions, whichfavor the slow settling of small particles, or their entrapment
by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
deepwater, mud mustbe derived from winnowing and erosion of deposits in shallow water.

Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
Passamaquoddy Bays (7,8).

"Mud greater thanrock" (Mr) occurs in some deepwater locations, but "mud greater than gravel”
(Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
sizes of materials. "Mud greater than sand" (IMs) occurs seaward of the sandy area of Saco Bay and is
mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
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Surficial Geology
Legend

The map above shows the geology of the surface of the ocean floor
This map of Maine’s inner continental shelf is based on geophysical data
bottom samples, National Ocean Service provisional bathymetric maps anc
published nautical charts. These data were supplemented with botton
photographs and direct observations from submersibles. Experience witl
these data, together with side-scan sonar images (the underwater equivalen
of aerial photographs), permitted generalized mapping of the inne
continental shelf.

The map areas shown by the four colors below were not directly
imaged with side-scan sonar. Contacts between these geologic units werc
inferred, based on bathymetry and other information (sce Features anc
DataSource Map).

The bright colors on the map and in the Interpretation of Side:
Scan Sonar Images legend to the right show arcas of seafloor imaged by
sonar. The linear colored swaths on the map above follow ship tracklines
and have a width that represents the sonar swathto eachside of thevessel.

ROCKY - Rugged, high-relief seafloor is dominated by
bedrock outcrops (ledge) and is the most common type on the
Maine inner continental shelf, especially in depths of less thar

60 m (~200 ft). Accumulations of coarse-grained sediment
occurinlow-lying arcas and at the base of rock outcrops.

GRAVELLY - Generally flat-lying areas are covered by coarse-
grained sediment, with clasts up to several meters (vards) ir
diameter. In some arcas gravel and boulders directly overli¢

bedrock. These deposits are not presently accumulating on the
shelf but represent Pleistocene (Ice Age) material. Ripples ar¢
common in well-sorted gravel, indicating that some of the oldei
glacial sediments are presently being reworked by waves,
currents, and tides.

SANDY - Generally smooth seafloor consists primarily of sand-
sized particles derived from rivers, reworked glacial deposits
and/or biogenic shell production. This bottom type, althougt
well represented in southwestern areas, is the least common or
the Maine inner continental shelf.

MUDDY - Deposits of fine-grained material form a generally
flat and smooth seabed commonly found in sheltered bays and
estuaries and at depths of greater than 60 m (~200 ft). In somg¢
submarine valleys the mud may be meters (yards) thick. Deeg
depressions (gas-escape pockmarks) occurin some muddy bays.

=

A. Side-scan sonar image (left) of Rg and Gr areas of the seafloor and their interpretation
(right). Intheimage, gravelly areas appear dark gray and bedrock outcrops show irregulat
perimeters, dark (soundreflective) streaks and light gray acoustic shadows. Fractures are
prominent in the bedrock; gravelly areas have low relief.

b

B. Side-scan sonar image (left) of S, Sg, and G areas of seabed and their interpretation
(right). Sandy scafloor is lighter gray and appears smooth while the gravelly seafloor has
wave ripples with straight crestlines about 1 m (3 ft) apart. Sgareas occuras a patchwork of
S and Gtypes, but are too small to discriminate at this map scale.

Interpretation of
Side-Scan Sonar Images
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On side-scan sonar images, rock, gravel, sand, and mud reflect acoustic energy differently and
appear as various shades of gray printed by the instrument's recorder. The classification scheme above is
unique and based on the acoustic reflectivity of the Maine inner continental shelf. The dominant "end
member" (Rock, Gravel, Sand, or Mud) is abbreviated with a capitalized first letter. A less abundant,
subordinate scafloor type is represented with a lower case letter (r, g, s, or m). For example, a
predominantly rocky seabed with gravel infilling fractures is designated Rg. The sixteen combinations of
seafloor types shown above are used for areas where side-scan sonar coverage exists and appear as bright
colors onthe map. Inareasbeyond the scan range only four generalized units were used (see the Surficial
Geology Legend).

When individual units of rock, gravel, sand, and mud were greater than 10,000 m? in area (about
the size of 3 football fields), they were mapped as separate features. In many places, however, a
heterogeneous seabed composed of numerous small features required composite map units. Inarcas where
no single seafloor type exceeded 10,000 m2, a composite map unit wasused. The selection of map units to
describe this complexity involves a compromise between providing detailed information where it exists,
and generalizing where data are scarce or absent. In many places the seabed is composed of numerous
small features, none exceeding the minimum area of 10,000 m2. Consequently, not all details in the sonar
records could be presented on this map. It should be realized that spatial heterogeneity exists at all scales,
evendownto areas less thana square meter (ten square feet).

Rockyields a strong, dark, acoustic return. In areas with steep bathymetric relief and fractures,
light acoustic shadows are visible within the dark areas of rock (see adjacent panels A, C, and D). Gravel
deposits also produce a relatively strong acoustic return (black to dark gray), and are often closely
associated with rock, but lack relief (A, B, C, D). Sand produces a much weaker acoustic return (light to
dark gray) than either gravel or rock, and usually lacks local relief (B). Mud yields a very weak surface
return (light gray to white) and, except where it accumulates on steep slopes or near gas-escape
pockmarks, it is associated with a smooth seabed (D). The Surficial Geology section in the far right
columndescribesthe distribution and abundance of these areas on Maine's inner continental shelf.

C. Side-scan sonar image (right) of S, G, and R with sharp boundaries and theit
interpretation (left). Ripplesinthe gravelly seabed producealternating light and dark bands
while the sandy surface is more uniformly gray. These ripples have a2 m (6 ft) wavelength.,
The rocky outcrop rises above the surrounding seafloor.

D. Side-scan sonar image (right) of M and Rg seafloor types and their interpretation (left)
Muddy seafloor is uniformly light gray although the tonal difference on the left edge is ¢
recorder artifact. A mixture of rocky outcrops has an irregular dark gray appearance while
gravelly troughs appear smooth and dark gray.
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INTRODUCTION

Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an
important role in understanding the origin of, as well as the ongoing processes that shape and change the
earth's surface. Asinthe terrestrial environment, maps are also instrumental inaiding the sound economic
development of natural resources. They also provide guidance to natural hazards that exist within the
landscape. Aspeopleincreasingly work on, in, and beneaththe sea, the need to better understand regional
marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series,
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on
specific locations and original field descriptions exists in the associated report: The Seafloor Revealed:
The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1).

Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted
inthe pastdecade. Recently thatinformation, along with other previously published data, was compiled in
a geographic information system (GIS) to produce this map. The data compiled for this series of maps
were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast,
previous studies, and sources of otherinformation.

Bedrock geology defines the overall shape of the Maine coastline by controlling the location and
orientation of islands, bays, and peninsulas. Bedrock reliefisalso primarily responsible forthe variability
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud.
Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot
withless bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast
and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes,
including waves and tides, continue to reshape the seafloor sediments and create productive marine
habitats of the Gulf of Maine.

Sea-level change has had a profound effect on the location and duration of sediment reworking
and deposition. Duringthe complex changes of sealevel overthe last 14,000 years, coastal and terrestrial
erosion stripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-level lowering)
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are
generally rockier than deeperregions. The shallower zone lost some of its sediment cover through wave
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also
experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of
the Maine coast records these and many other changes that have taken place since glaciers retreated inland
and the seainvaded the western Gulf of Maine (4, 5, 6).
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Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is
analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet
than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces.
Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical
lincat 13:40.

METHODS

Navigation and Map Compilation

Navigation fixes in the outer estuaries and offshore areas were made at 2 to 5 minute intervals
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries,
radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted
to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS).

Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical
tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and
geology based onother geophysical data and samples, (3) digitize the dralted interpretationinto a GIS, (4)
compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6)
assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline
and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles.

Bathymetry

Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m
contour interval in many locations that is too complex for inclusion on this map. Difficulty in
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created
many possible errors, especially in areas where accompanying geophysical data were lacking. For this
reason, these maps should not be used for navigation. More detailed and accurate NOS conventional
nautical charts should beused for navigation.

Bottom Samples

Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data
Source Map for locations in this region). Two attempts were made at each station where the sampler
initially returned empty, after which the site was considered a rock bottom. A Smith-McIntyre stainless
steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of
Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off
rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations
to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were
generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations
were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
the University of Maine. Depending on the level of funding or specific needs of a particular project,
samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy
minerals (see Table 1 of Reference 1).

Side-Scan Sonar Profiles

Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an
EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfish at a nominal
frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m
wide swath beneath the research vessel), although ranges from 25 to 300 m (80 to 1000 [t) were
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the
Interpretation of Side-Scan Sonar Imagesfor further details.

Seismic Reflection Profiles

Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in
conjunctionwith side-scansonar data (see simultancous seismic and side-scanimages above). ARaytheon
RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallow water
(0 to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomer" (0.5 to 200 kHz) seismic system
was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly
sediment. Although seismic reflection profiles are mostuseful in constructing the geological history of an
area, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
age and nature of the surficial sediment are easily interpreted.
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SURFICIAL GEOLOGY

Introduction

The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
most complex of any place along the Atlantic continental margin of the United States. Igneous,
metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
processes, including shell formation, bioturbation, and organic matter cycling have also altered the
sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
geology of this map, the geomorphology of the seafloor has also beenmapped. The Physiographic Map of
the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
series of surficial geologic mapsinasingle, smaller scale map.

RockyAreas

Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
(33 ft)deep, large outcrops of rock are relatively rare in deep offshorebasins.

The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
fractures and elongate outcrop patterns common in layered metamorphic rocks as well as more rounded
bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofafew
tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
"Rock greaterthanmud" (Rm; for anexplanation of abbreviations see Interpretation of Side-Scan Sonar
Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
the seafloor. Rm also occurs as small areas seaward of tidal flats in nearshore basins. "Rock greater than
sand" (Rs) existsonly ina few locations offshore of beaches.

Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
off the outcrop (8). Bedrock fractures and troughs also have a similar mixture of shell and rock clasts. For
this reason, extensive, "pure" rock outcrops were infrequently mapped. Instead, fractured bedrock and
small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
rock" (Gr), two of the most common seafloortypes observed.

Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
with the seismic reflection profile to the left. Thisimage shows a plan view of the seafloor (much like an
acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
ship track followed the black center line over the bottom. Both of these images were made using sound
waves.

Gravelly Areas

Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloor
itself. Gravelisabundantinonly afew locations: off the Kennebec River mouth where deltaic sediments
are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In areas
where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
broad linear bands near submerged moraines.

As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
agobenecath glacialice .

SandyAreas

Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
Age.

Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
mud, graveland a variety of shell fragments.

"Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
difficult unit to map because mixtures of mud and sand look similar onacoustic images. The only mapped
areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.

MuddyAreas

Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Maine coast.

Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
are quicter hydrodynamic conditions, whichfavor the slow settling of small particles, or their entrapment
by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
deepwater, mud mustbe derived from winnowing and erosion of deposits in shallow water.

Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
Passamaquoddy Bays (7,8).

"Mud greater thanrock" (Mr) occurs in some deepwater locations, but "mud greater than gravel”
(Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
sizes of materials. "Mud greater than sand" (IMs) occurs seaward of the sandy area of Saco Bay and is
mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
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S ‘ ‘V" J Eastern INTRODUCTION SURFICIAL GEOLOGY
Head
} EAST MACHIAS q fo Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an Introduction - . . . .
‘ important role in understanding the origin of, as well as the ongoing processes that shape and change the The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
earth's surface. Asintheterrestrial environment, maps are also instrumental inaiding the sound economic most complex of any place along the Atlantic continental margin of the United States. Igneous,
‘ AGHIAS 4 development of natural resources. They also provide guidance to natural hazards that exist within the metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
landscape. Aspeople increasingly work on, in, and beneath the sea, the need to better understand regional regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
‘ \/\a\/’" marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series, rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
/ ~ specific locations and original field descriptions exists in the associated report: The Seafloor Revealed: processes, including shell formation, bioturbation, and organic matter cycling have also altered the
b /\ The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1). sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted geology of this map, the geomorphology of the seafloor has also beenmapped. The PhysiographicMap of
0\ inthe pastdecade. Recently thatinformation, along withother previously published data, was compiledin the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
= ] a geographic information system (GIS) to produce this map. The data compiled for this series of maps series of surficial geologic mapsinasingle, smaller scale map.
- were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data RockyAreas
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast, Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
/(* previous studies, and sources of otherinformation. abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
Bedrock geology defines the overall shape of the Maine coastline by controlling the location and rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
orientation of islands, bays, and peninsulas. Bedrock reliefis also primarily responsible for the variability southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud. linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
R Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot (33 ft) deep, large outcrops of rock are relatively rare indeep offshorebasins.
7 JONESBORO with less bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
“ COLUMBIA and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes, frac.tures and elongate outcrop patterns common in layc?red metamorphic rocks as well as more rounded
including waves and tides, continue to reshape the seafloor sediments and create productive marine bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
habitats of the Gulf of Maine. outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofa few
Sea-level change has had a profound effect on the location and duration of sediment reworking tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
and deposition. During the complex changes of sea level over the last 14,000 years, coastal and terrestrial "Rock greater thanmud” (Rm; for anexplanationof abbreviations see Interpretation of Side-Scan Sonar
erosionstripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-levellowering) the seafloor. Rm also occurs as small areas secaward of tidal flats in nearshore basins. "Rock greater than
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas sand" (Rs) exists only ina few locations offshore of beaches.
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
generally rockier than deeper regions. The shallower zone lost some of its sediment cover through wave attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also off the outcrop(8). Bedrock fractures and troughs also havea similar mixture of shell and rock clasts. For
ABDISON experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of this reason, extensive, "pure” rock outcrops were infrequently mapped. Instead, fractured bedrock and
) i the Maine coast records these and many other changes that have taken place since glaciers retreated inland small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
and the seainvaded the western Gulf of Maine (4, 5, 6). rock" (Gr), two of the most commonseafloortypesobserved.
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Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is with the seismic reflection profile to the left. This image shows a plan view of the secafloor (much like an
. analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
Great than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces. of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
Wass Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical ship track followed the black center line over the bottom. Both of these images were made using sound
lincat 13:40. waves.
Island
METHODS Gravelly Areas
) Navigation and Map Compilation Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloot
\ Navigation fixes in the outer estuaries and offshore arcas were made at 2 to 5 minute intervals itself. Gravelisabundantinonly afew locations: offthe Kennebec River mouth where deltaic sediments
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries, are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
3 radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In arcas
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted broad linear bands near submerged moraines.
- to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS). As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
& Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
= tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
) geology based onother geophysical data and samples, (3) digitize the draflted interpretationinto a GIS, (4) the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
8 compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6) which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
- assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
L& s and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles. conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
= """"lll».u&; agobenecath glacialice .
= Bathymetry
Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service SandyAreas
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
contour interval in many locations that is too complex for inclusion on this map. Difficulty in sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
@ = many possible errors, especially in areas where accompanying geophysical data were lacking. For this Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
N | reason, these maps should not be used for navigation. More detailed and accurate NOS conventional appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
= nautical charts should beused fornavigation. at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
. 'E. i occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
= Bottom Samples Age.
7 g / Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
E 2> Source Map for locations in this region). Two attempts were made at each station where the sampler rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
LS $ /A U initially returned empty, after which the site was considered a rock bottom, A Smith-McIntyre stainless mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
ﬁ§ &7 2 steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of mud, graveland avariety of shell fragments.
== % Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance "Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
W rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations difficultunit to map because mixtures of mud and sand look similar on acousticimages. The only mapped
& ﬂ to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
0 \%)y generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.
ﬂ ﬂ p % were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
W / the University of Maine. Depending on the level of funding or specific needs of a particular project, MuddyAreas
S ﬂ 6 /ézq%q samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
4472000 S 44°20'00" minerals (see Table 1 of Reference 1). Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
67°55'00" 66°55' 00" Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Side-Scan Sonar Profiles Maine coast.
e . ) . ) . . . Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
Map Projection: Universal Transverse Mercator, Zone 19 Nauticd Miles (nmi) Map Scale 1:100.000 Kilometers (km) National Geodetic Vertical Datum of 1929 EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfgish at a nominal are quieter hydrodynamic conditions, which favor the slow settling of small particles, or their entrapment
1927 North American Datum ' ] = = = = ap el ’ = : : : : ! 1 ' . : . : : : : : . | Contour Interval 10 Meters frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
0 1 2 3 4 6 7 8 9 10 0 2 6 8 10 12 14 16 20 wide swath beneath the research vessel), although ranges from 25 (o 300 m (80 (o 1000 [1) were deep water, mud must be derived from winnowing and erosion of deposits in shallow water.
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
Interpretation of Side-Scan Sonar Images for further details. environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
. f ________________________________________ F d D S M Seismic Reflection Profiles abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
S f' . I G I I n te rp reta tl O n O ........................................ ea t u re S a n a ta 0 u rce a Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
u r I C I a e O O g y . ST T T T T T T s conjunctionwith side-scan sonar data (see simultaneous seismic and side-scanimages above). ARaytheon Passamaquoddy Bays(7,8).
S I d e — S C a n S O n a r I m a e S '''''''''''''''''''''''''''''''''''''''' ; ﬂ \ RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallpw water . "Mud greater than rock" (Mr) occurs in some deepwater locations, but."mpd greater than gravel"
Le e n d g LT T T T T T T T Whiting (0to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomqr" (0.5t0 ZQO kHz) seismic system (Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
g ------------------------------------ Bay was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly sizes of materials. "Mud greater than sand" (Ms) occurs seaward of the sandy area of Saco Bay and is
& L [:7\‘"- sediment. Although seismic reflection profiles are most useful in constructing the geological history of an mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
The map above shows the geology of the surface of the ocean floor 'f’oo qgﬁ ------------------------------ arca, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
This map of Maine’s inner continental shelf is based on geophysical data —_——— C Beer oo natae et also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
bottom samples, National Ocean Service provisional bathymetricmapsanc | | |1 S 00 GO0 QR G ERE L [ e (s L ] KRR ageand nature of the surficial sedimentare easily interpreted. REFERENCES CITED
published nautical charts. These data were supplemented with botton Gr e G S e .
photographs and direct observations from submersibles. Experience witt | | [ EEEEE BRSO C g0 | B (=SSR R (1) Kelley, J. T., Barnhardt, W. A., Belknap, D. F., Dickson, S. M., and Kelley, A. R., 1996, The scafloor
these data, together with side-scan sonar images (the underwaterequivalen | | |l i B 0 B8 s e RS s s J\j revealed: the geology of the northwestern Gulf of Maine inner continental shelf: Maine
of aerial photographs), permitted generalized mapping of the innes Geological Survey, Open-File Report 96-06, 55p. . . . .
continental shelf. . . (2) Thompson, W. B., and Borns, H. W., Jr., 1985, Surficial geologic map of Maine: Maine Geological

The map areas shown by the four colors below were not directly Gm izt M d p S eries I n d eX Survey, 1:500,000scale. i .
imaged with side-scan sonar. Contacts between these geologic units wer A%C’WS (3) Barnhardt, W. A.., Gehrels, W.R., Belknap, D. F.,.and Kelley, J -T.. 1995, Late Quaternary relative sea
inferred, based on bathymetry and other information (see Features anc ey level change inthe western Gulf of Maine: evidence fora migrating glacial forebulge: Geology, v.
DataSourceMap). b b S L L R R | e T e T e e T 23,p.317-320..

The brlght colors on the map and in the Interpretation of Side- T S <] P . . . . . // (4) Bel%(nal:l), ]ljl F., Shlpp, RIC, Stuckegratll, R., Kellzy, J. T and BOTHS, H. W., Jr., 1989, HOIOCGII.G sca
Scan Sonar Images legend to the right show areas of seafloor imaged by L g . Vil = Mg Vg eve c. ange in coastal Maine, in nderson3 W.A. and Borns, H. W, J.r. (ed}tors), Neotectonics of
sonar. The linear colored swaths on the map above follow ship tracklines | | [ ¢ =ABB RS 8 T8 mi s | et e LT e e o e e Bay Malne., Studies in seismicity, crustal warping, and sea-level change: Maine Geological Survey,
and have awidth thatrepresents the sonar swath to eachside of the vessel. _ L R GRS | R, e e e e e AR e Bulletin40, p. 85-103.

I : iE & L £ Ly (8) Kelley, J. T., Dickson, S. M., Belknap, D. F., and Stuckenrath, R., Jr., 1992, Sea-level change and late
A. Side-scan sonar image (left) of Rg and Gr arcas of the seafloor and their interpretation S C. Side-scan sonar image (right) of S, G, and R with sharp boundaries and thei1 Quaternary sediment accumulation on the southern Maine inner continental shelf, n Fletcher, C.
) ) ) ) (right). Intheimage, gravelly areas appear dark gray and bedrock outcrops show irregulat — == interpretation (left). Ripplesinthe gravelly seabed produce altern;[t)ing light and dark bands // v H, HI’. and When.uller,.J. F. (edltors.)., Quaternary coasts of Fhe Umt.ed States: marine qnd
ROCKY - Rugged, high-relief seafloor is dominated by perimeters, dark (soundreflective) streaks and light gray acoustic shadows. Fractures are while the sandy surface is more uniformly gray. These ripples have a2 m (6 ft) wavelength. lacustrine systems: Society of Economic Paleontologists and Mineralogists, Special Publication
bedrock outcrops (ledge) and is the most common type on the prominent in the bedrock; gravelly areas have low relief. Ry 1, The rocky outcrop rises above the surrounding seafloor. 3 No. 48.p.23-34. , . ,
Maine inner continental shelf, especia]]y in depths of less thar e (o] P 6) Belknap, D.F, Shlpp, R C.., Kelley J.T. ,and Schmtker, D, 1989, Deposmonal sequence.modehng of
60 m (~200 ft). Accumulations of coarse-grained sediment I 24 ngltemary geploglc h1.story, west central Maine coast, in Tucker, R. D.., and Marymney, R. G,
occurinlow-lying arcas and at the base of rock outcrops. ’ - f ’ ' 4 gegdztgrs), Studies in Maine geology, Volume 5 - Quaternary geology: Maine Geological Survey, p.
On s.1de-scan Sonar 1mages, rock, gra\(el, sand, afld mud reflect acouslic energy differently aqd ! 3 (7)Kelley, J. T., Dickson, S. M., Belknap, D. F., Barnhardt, W. A., and Henderson, M., 1994, Giant sea-bed
s ot sades of gy e b e s o, e st chencabore ' pockmans cxdenc v gisccaps MBS B Miine: Geooey 22 5042
GRAVELLY - Generally flat-lving areas are covered by coarse- " . . ; L. . : 1 i , . . . ) (8) Barnhardt, W. A_, and Kelley, J. T., 1995, Carbonate accumulation on the inner continental shelf of
grained sediment, withyclas tsyup%o ceveral meters (gar ds) ir membqr (Rock, Gravel, Sglnd, or Mud) is abbrewated with a capitalized first letter. A less abundant, f\) 2 1. Piscataqua River to Biddeford Pool (96-7) Maine: a modern consequence of late Quaternary glaciation and sea level rise: Journal of
) . . subordinate scafloor type is represented with a lower case letter (r, g, s, or m). For example, a ) ) Sedimentary R rch.v. A65.p.195-207
diameter. In some arcas gravel and boulders directly overli¢ domi I bed with Linfilling f s desi dRe. Thesi binaii : J 2. Ogunquit to Kennebec River (96-8) cdimentary Research, v. .p. . . .
bedrock. These deposits are not presently accumulating on the preﬂommant yrﬁ)cky si:ba ed wit ggl\f/e infi m%l ractp(;es is designated Rg. The slxteeré coml matlgn.scl)l (9) Kelley, J. T., Dickson, S. M., Barnhardt, W. A., Belknap, D. F., and Kelley, A. R., in preparation,
shelf but represent Pleistocene (Ice Age) material. Ripples arc scalloor types Showi above are used for areas where Sice-scan sonar coverage exists and appear as bright : y 1 3. Cape Elizabeth to Pemaquid Point (96-9) Physiographic map of the Maine inner continental shelf: Maine Geological Survey, Open-File
common in well-sorted gravel, indicating that some of the older colors onthe map. Inareasbeyond the scan range only four generalized units were used (see the Surficial Map.

: i i Geology Legend). 4. Boothbay Harbor to North Haven (96-10 10) Osberg, P. H., H A M. 1I,and B G M., 1985, Bedrock geologi f Maine: Mai
glacial sediments are presently being reworked by waves, RO . 9. ; — oothbay Harbor to No aven ( ) (10) Osberg, P. H., Hussey, A. M., II, and Boone, G M., , Bedrock geologic map of Maine: Maine
currents. and tides. . When 1nd1v1dua} units of rock, gravel, sand, and mud were greater than 10,000 m~ in area (about M // Geological Survey, scale 1:500,000.

’ the size of 3 football fields), they were mapped as separate features. In many places, however, a To purchase copies of this map, contact the 5. Rockland to Bar Harbor (96-11)
heterogeneous seabed composed of numerous small features required composite map units. Inarcas where i J Maine Geological Survey,
no single seafloor type exceeded 10,000 m2, a composite map unit was used. The selection of map units to 22 State House Station, Augusta, Me 04333, 6. Mt. Desert Island to Jonesport (96-12) ACKNOWLEDGMENTS
SANDY - Generally smooth seafloor consists primarily of sand- describe this qomplexity involves a compromise between providing detailed infonnation where it exists, 1 o T.elephone: (207) 287-2801 _ 7. Petit Manan Pt, to West Quoddy Hosd (96-13)
sized particles derived from rivers, reworked glacial deposits and generalizing where data are scarce or absent. Inmany p%aces the seabed is composed of numerous Web Site: hitp:/foww.maine.gov/doc/nrime/nrime htm . . Funding for this compilation was provided by the Regional Marine Research Program of NOAA (Grant #
and/or biogenic shell production. This bottom type, althougt small features, none exceeding the minimum area of 10,0.00 m=-. Consequently, not glll depalls in the sonar ] NA46RMO451). We wish to thank Mr. Walter A. Anderson, former Director of the Maine Geological
well represented in southwestern areas, is the least common or records could be presented on this map. It should be realized that spatial heterogeneity exists at all scales, Survey. for more than ten years of unrelenting encouragemen, t and support for our offshore research. In
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lieht Rotgk yhleéds a strong,.%zllrk, i%quigcéetim' In a;easlzv ith ste(:igp bat?ymetlrﬁre(l;ef aéuli)fraéturesi _ which partly purchased the geophysical equipment and GIS used for this compilation. Most of the data
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Surficial Geology
Legend

The map above shows the geology of the surface of the ocean floor
This map of Maine’s inner continental shelf is based on geophysical data
bottom samples, National Ocean Service provisional bathymetric maps anc
published nautical charts. These data were supplemented with botton
photographs and direct observations from submersibles. Experience witl
these data, together with side-scan sonar images (the underwater equivalen
of aerial photographs), permitted generalized mapping of the inne
continental shelf.

The map areas shown by the four colors below were not directly
imaged with side-scan sonar. Contacts between these geologic units werc
inferred, based on bathymetry and other information (sce Features anc
DataSource Map).

The bright colors on the map and in the Interpretation of Side:
Scan Sonar Images legend to the right show arcas of seafloor imaged by
sonar. The linear colored swaths on the map above follow ship tracklines
and have a width that represents the sonar swathto eachside of thevessel.

ROCKY - Rugged, high-relief seafloor is dominated by
bedrock outcrops (ledge) and is the most common type on the
Maine inner continental shelf, especially in depths of less thar

60 m (~200 ft). Accumulations of coarse-grained sediment
occurinlow-lying arcas and at the base of rock outcrops.

GRAVELLY - Generally flat-lying areas are covered by coarse-
grained sediment, with clasts up to several meters (vards) ir
diameter. In some arcas gravel and boulders directly overli¢

bedrock. These deposits are not presently accumulating on the
shelf but represent Pleistocene (Ice Age) material. Ripples ar¢
common in well-sorted gravel, indicating that some of the oldei
glacial sediments are presently being reworked by waves,
currents, and tides.

SANDY - Generally smooth seafloor consists primarily of sand-
sized particles derived from rivers, reworked glacial deposits
and/or biogenic shell production. This bottom type, althougt
well represented in southwestern areas, is the least common or
the Maine inner continental shelf.

MUDDY - Deposits of fine-grained material form a generally
flat and smooth seabed commonly found in sheltered bays and
estuaries and at depths of greater than 60 m (~200 ft). In somg¢
submarine valleys the mud may be meters (yards) thick. Deeg
depressions (gas-escape pockmarks) occurin some muddy bays.
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A. Side-scan sonar image (left) of Rg and Gr areas of the seafloor and their interpretation
(right). Intheimage, gravelly areas appear dark gray and bedrock outcrops show irregulat
perimeters, dark (soundreflective) streaks and light gray acoustic shadows. Fractures are
prominent in the bedrock; gravelly areas have low relief.

B. Side-scan sonar image (left) of S, Sg, and G areas of seabed and their interpretation
(right). Sandy scafloor is lighter gray and appears smooth while the gravelly seafloor has
wave ripples with straight crestlines about 1 m (3 ft) apart. Sgareas occuras a patchwork of
S and Gtypes, but are too small to discriminate at this map scale.

Interpretation of
Side-Scan Sonar Images
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On side-scan sonar images, rock, gravel, sand, and mud reflect acoustic energy differently and
appear as various shades of gray printed by the instrument's recorder. The classification scheme above is
unique and based on the acoustic reflectivity of the Maine inner continental shelf. The dominant "end
member" (Rock, Gravel, Sand, or Mud) is abbreviated with a capitalized first letter. A less abundant,
subordinate scafloor type is represented with a lower case letter (r, g, s, or m). For example, a
predominantly rocky seabed with gravel infilling fractures is designated Rg. The sixteen combinations of
seafloor types shown above are used for areas where side-scan sonar coverage exists and appear as bright
colors onthe map. Inareasbeyond the scan range only four generalized units were used (see the Surficial
Geology Legend).

When individual units of rock, gravel, sand, and mud were greater than 10,000 m? in area (about
the size of 3 football fields), they were mapped as separate features. In many places, however, a
heterogeneous seabed composed of numerous small features required composite map units. Inarcas where
no single seafloor type exceeded 10,000 m2, a composite map unit wasused. The selection of map units to
describe this complexity involves a compromise between providing detailed information where it exists,
and generalizing where data are scarce or absent. In many places the seabed is composed of numerous
small features, none exceeding the minimum area of 10,000 m2. Consequently, not all details in the sonar
records could be presented on this map. It should be realized that spatial heterogeneity exists at all scales,
evendownto areas less thana square meter (ten square feet).

Rockyields a strong, dark, acoustic return. In areas with steep bathymetric relief and fractures,
light acoustic shadows are visible within the dark areas of rock (see adjacent panels A, C, and D). Gravel
deposits also produce a relatively strong acoustic return (black to dark gray), and are often closely
associated with rock, but lack relief (A, B, C, D). Sand produces a much weaker acoustic return (light to
dark gray) than either gravel or rock, and usually lacks local relief (B). Mud yields a very weak surface
return (light gray to white) and, except where it accumulates on steep slopes or near gas-escape
pockmarks, it is associated with a smooth seabed (D). The Surficial Geology section in the far right
columndescribesthe distribution and abundance of these areas on Maine's inner continental shelf.

C. Side-scan sonar image (right) of S, G, and R with sharp boundaries and theit
interpretation (left). Ripplesinthe gravelly seabed producealternating light and dark bands
while the sandy surface is more uniformly gray. These ripples have a2 m (6 ft) wavelength.,
The rocky outcrop rises above the surrounding seafloor.

D. Side-scan sonar image (right) of M and Rg seafloor types and their interpretation (left)
Muddy seafloor is uniformly light gray although the tonal difference on the left edge is ¢
recorder artifact. A mixture of rocky outcrops has an irregular dark gray appearance while
gravelly troughs appear smooth and dark gray.

INTRODUCTION

Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an
important role in understanding the origin of, as well as the ongoing processes that shape and change the
earth's surface. Asinthe terrestrial environment, maps are also instrumental inaiding the sound economic
development of natural resources. They also provide guidance to natural hazards that exist within the
landscape. Aspeopleincreasingly work on, in, and beneaththe sea, the need to better understand regional
marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series,
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on
specific locations and original field descriptions exists in the associated report: The Seafloor Revealed:
The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1).

Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted
inthe pastdecade. Recently thatinformation, along with other previously published data, was compiled in
a geographic information system (GIS) to produce this map. The data compiled for this series of maps
were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast,
previous studies, and sources of otherinformation.

Bedrock geology defines the overall shape of the Maine coastline by controlling the location and
orientation of islands, bays, and peninsulas. Bedrock reliefisalso primarily responsible forthe variability
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud.
Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot
withless bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast
and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes,
including waves and tides, continue to reshape the seafloor sediments and create productive marine
habitats of the Gulf of Maine.

Sea-level change has had a profound effect on the location and duration of sediment reworking
and deposition. Duringthe complex changes of sealevel overthe last 14,000 years, coastal and terrestrial
erosion stripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-level lowering)
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are
generally rockier than deeperregions. The shallower zone lost some of its sediment cover through wave
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also
experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of
the Maine coast records these and many other changes that have taken place since glaciers retreated inland
and the seainvaded the western Gulf of Maine (4, 5, 6).
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Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is
analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet
than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces.
Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical
lincat 13:40.

METHODS

Navigation and Map Compilation

Navigation fixes in the outer estuaries and offshore areas were made at 2 to 5 minute intervals
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries,
radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted
to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS).

Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical
tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and
geology based onother geophysical data and samples, (3) digitize the dralted interpretationinto a GIS, (4)
compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6)
assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline
and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles.

Bathymetry

Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m
contour interval in many locations that is too complex for inclusion on this map. Difficulty in
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created
many possible errors, especially in areas where accompanying geophysical data were lacking. For this
reason, these maps should not be used for navigation. More detailed and accurate NOS conventional
nautical charts should beused for navigation.

Bottom Samples

Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data
Source Map for locations in this region). Two attempts were made at each station where the sampler
initially returned empty, after which the site was considered a rock bottom. A Smith-McIntyre stainless
steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of
Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off
rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations
to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were
generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations
were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
the University of Maine. Depending on the level of funding or specific needs of a particular project,
samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy
minerals (see Table 1 of Reference 1).

Side-Scan Sonar Profiles

Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an
EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfish at a nominal
frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m
wide swath beneath the research vessel), although ranges from 25 to 300 m (80 to 1000 [t) were
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the
Interpretation of Side-Scan Sonar Imagesfor further details.

Seismic Reflection Profiles

Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in
conjunctionwith side-scansonar data (see simultancous seismic and side-scanimages above). ARaytheon
RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallow water
(0 to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomer" (0.5 to 200 kHz) seismic system
was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly
sediment. Although seismic reflection profiles are mostuseful in constructing the geological history of an
area, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
age and nature of the surficial sediment are easily interpreted.
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Not to be Used for Navigation

The information appearing on this map is not complete for navigation. Mariners are
cautioned to use National Ocean Service nautical charts for navigation in this area.

SURFICIAL GEOLOGY

Introduction

The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
most complex of any place along the Atlantic continental margin of the United States. Igneous,
metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
processes, including shell formation, bioturbation, and organic matter cycling have also altered the
sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
geology of this map, the geomorphology of the seafloor has also beenmapped. The Physiographic Map of
the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
series of surficial geologic mapsinasingle, smaller scale map.

RockyAreas

Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
(33 ft)deep, large outcrops of rock are relatively rare in deep offshorebasins.

The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
fractures and elongate outcrop patterns common in layered metamorphic rocks as well as more rounded
bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofafew
tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
"Rock greaterthanmud" (Rm; for anexplanation of abbreviations see Interpretation of Side-Scan Sonar
Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
the seafloor. Rm also occurs as small areas seaward of tidal flats in nearshore basins. "Rock greater than
sand" (Rs) existsonly ina few locations offshore of beaches.

Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
off the outcrop (8). Bedrock fractures and troughs also have a similar mixture of shell and rock clasts. For
this reason, extensive, "pure" rock outcrops were infrequently mapped. Instead, fractured bedrock and
small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
rock" (Gr), two of the most common seafloortypes observed.
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Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
with the seismic reflection profile to the left. Thisimage shows a plan view of the seafloor (much like an
acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
ship track followed the black center line over the bottom. Both of these images were made using sound
waves.

Gravelly Areas

Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloor
itself. Gravelisabundantinonly afew locations: off the Kennebec River mouth where deltaic sediments
are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In areas
where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
broad linear bands near submerged moraines.

As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
agobenecath glacialice .

SandyAreas

Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
Age.

Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
mud, graveland a variety of shell fragments.

"Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
difficult unit to map because mixtures of mud and sand look similar onacoustic images. The only mapped
areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.

MuddyAreas

Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Maine coast.

Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
are quicter hydrodynamic conditions, whichfavor the slow settling of small particles, or their entrapment
by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
deepwater, mud mustbe derived from winnowing and erosion of deposits in shallow water.

Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
Passamaquoddy Bays (7,8).

"Mud greater thanrock" (Mr) occurs in some deepwater locations, but "mud greater than gravel”
(Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
sizes of materials. "Mud greater than sand" (IMs) occurs seaward of the sandy area of Saco Bay and is
mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
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Surficial Geology
Legend

The map above shows the geology of the surface of the ocean floor
This map of Maine’s inner continental shelf is based on geophysical data
bottom samples, National Ocean Service provisional bathymetric maps anc
published nautical charts. These data were supplemented with botton
photographs and direct observations from submersibles. Experience witl
these data, together with side-scan sonar images (the underwater equivalen
of aerial photographs), permitted generalized mapping of the inne
continental shelf.

The map areas shown by the four colors below were not directly
imaged with side-scan sonar. Contacts between these geologic units werc
inferred, based on bathymetry and other information (sce Features anc
DataSource Map).

The bright colors on the map and in the Interpretation of Side:
Scan Sonar Images legend to the right show arcas of seafloor imaged by
sonar. The linear colored swaths on the map above follow ship tracklines
and have a width that represents the sonar swathto eachside of thevessel.

ROCKY - Rugged, high-relief seafloor is dominated by
bedrock outcrops (ledge) and is the most common type on the
Maine inner continental shelf, especially in depths of less thar

60 m (~200 ft). Accumulations of coarse-grained sediment
occurinlow-lying arcas and at the base of rock outcrops.

GRAVELLY - Generally flat-lying areas are covered by coarse-
grained sediment, with clasts up to several meters (vards) ir
diameter. In some arcas gravel and boulders directly overli¢

bedrock. These deposits are not presently accumulating on the
shelf but represent Pleistocene (Ice Age) material. Ripples ar¢
common in well-sorted gravel, indicating that some of the oldei
glacial sediments are presently being reworked by waves,
currents, and tides.

SANDY - Generally smooth seafloor consists primarily of sand-
sized particles derived from rivers, reworked glacial deposits
and/or biogenic shell production. This bottom type, althougt
well represented in southwestern areas, is the least common or
the Maine inner continental shelf.

MUDDY - Deposits of fine-grained material form a generally
flat and smooth seabed commonly found in sheltered bays and
estuaries and at depths of greater than 60 m (~200 ft). In somg¢
submarine valleys the mud may be meters (yards) thick. Deeg
depressions (gas-escape pockmarks) occurin some muddy bays.

Interpretation of S

Side-Scan Sonar Images
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- N C. Side-scan sonar image (right) of S, G, and R with sharp boundaries and their Penobscot
= interpretation (left). Ripplesinthe gravelly seabed producealternating light and dark bands Bay

while the sandy surface is more uniformly gray. These ripples have a2 m (6 ft) wavelength.,
The rocky outcrop rises above the surrounding seafloor.
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A. Side-scan sonar image (left) of Rg and Gr areas of the seafloor and their interpretation Cm
(right). Inthe image, gravelly areas appear dark gray and bedrock outcrops show irregulai —
perimeters, dark (soundreflective) streaks and light gray acoustic shadows. Fractures are
prominent in the bedrock; gravelly areas have low relief. Y 1,
o
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On side-scan sonar images, rock, gravel, sand, and mud reflect acoustic energy differently and

L appear as various shades of gray printed by the instrument's recorder. The classification scheme above is
R unique and based on the acoustic reflectivity of the Maine inner continental shelf. The dominant "end
"""" member" (Rock, Gravel, Sand, or Mud) is abbreviated with a capitalized first letter. A less abundant,

INTRODUCTION

Geological maps depicting topography, surficial materials, geomorphology, and bedrock play an
important role in understanding the origin of, as well as the ongoing processes that shape and change the
earth's surface. Asinthe terrestrial environment, maps are also instrumental inaiding the sound economic
development of natural resources. They also provide guidance to natural hazards that exist within the
landscape. Aspeopleincreasingly work on, in, and beneaththe sea, the need to better understand regional
marine geology, just as we understand terrestrial geology, has grown. This map, and others in this series,
are intended to provide a better picture of the northwestern Gulf of Maine. Additional information on
specific locations and original field descriptions exists in the associated report: The Seafloor Revealed:
The Geologyofthe Northwestern GulfofMaine Inner Continental Shelf(Reference1).

Many reconnaissance surveys of the seafloor of the northwestern Gulf of Maine were conducted
inthe pastdecade. Recently thatinformation, along with other previously published data, was compiled in
a geographic information system (GIS) to produce this map. The data compiled for this series of maps
were originally collected for a variety of research projects, government contracts, and student theses. Foi
this reason there are varying amounts of geophysical data and bottom-sample coverage along the coast
rather than a uniform grid. 7he Seafloor Revealed further explains the field techniques involved in data
collection, the nature of the seafloor, the late Quaternary (glacial) geologic history of the Maine coast,
previous studies, and sources of otherinformation.

Bedrock geology defines the overall shape of the Maine coastline by controlling the location and
orientation of islands, bays, and peninsulas. Bedrock reliefisalso primarily responsible forthe variability
in water depths of the inner shelf. Glacial deposits mantle the underlying bedrock and add complexity to
regional geomorphology in forms that range from coarse ridges of boulders to basins filled with fine mud.
Thick accumulations of glacial sediments (gravel, sand, and mud) oftenresultin smootherareas of seafloot
withless bathymetric relief. Almostall of the Holocene (postglacial) sedimentary material along the coast
and offshoreis derived from erosion and reworking of glacial deposits. Physical oceanographic processes,
including waves and tides, continue to reshape the seafloor sediments and create productive marine
habitats of the Gulf of Maine.

Sea-level change has had a profound effect on the location and duration of sediment reworking
and deposition. Duringthe complex changes of sealevel overthe last 14,000 years, coastal and terrestrial
erosion stripped muddy glacial sediment from shoals and transferred the material to deeperbasins. During
deglaciation, the sea covered most of the coastal lowlands of Maine (2). Aregression (sea-level lowering)
until about 10,500 years ago was followed by a transgression (rising) that is still continuing (3, 4). Areas
shallower than the maximum lowering of the sea (less than about 60 m (200 feet) water depth) are
generally rockier than deeperregions. The shallower zone lost some of its sediment cover through wave
reworking during both the late Pleistocene fall and the early Holocene rise of the sea. These areas also
experienced at least a thousand years of subaerial erosion by rivers and streams. The marine geology of
the Maine coast records these and many other changes that have taken place since glaciers retreated inland
and the seainvaded the western Gulf of Maine (4, 5, 6).
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Seismic Reflection Profile. The image above is a portion of an ORE seismic reflection profile from
Muscongus Bay and shows a cross-section (side view) of the seafloor. The seafloor surface shape is
analagous to a fathometer profile. A vertical exaggeration (VE) of 6.7 makes all slopes appear steepet
than they really are. The subsurface reflectors are from sediment layers and buried bedrock surfaces.
Positions A and B correspond to the same locations inboth figures. Atime mark is shown by the vertical
lincat 13:40.

METHODS

Navigation and Map Compilation

Navigation fixes in the outer estuaries and offshore areas were made at 2 to 5 minute intervals
withLORAN-C, which provided anaccuracy of + 100 m (330 feet). Inthe upper reaches of the estuaries,
radar and line-of-sight observations on buoys and landmarks provided navigational accuracy that varied
from less than + 10 m (33 feet) to around + 200 m (660 feet). Recent work used the global positioning
satellite system (GPS) for navigation and was accurate to + 10 m (33 feet). All navigation was converted
to Universal Transverse Mercator projectionand plotted witha geographic information system (GIS).

Surficial geologic maps were prepared in six steps: (1) use a GIS to plot the geophysical
tracklines, bottom sample locations, and bathymetry on large-scale maps, (2) interpret sonar records and
geology based onother geophysical data and samples, (3) digitize the dralted interpretationinto a GIS, (4)
compile and edit the digital data to gencrate map polygons, (5) check the mapped geology, and (6)
assemble the final product including geology, bathymetry, geographic names, and roads. The shoreline
and roads are fromthe U.S. Geological Survey's 1:100,000 Digital Line Graphfiles.

Bathymetry

Bathymetry was digitized at a 10 m contour interval from preliminary National Ocean Service
(NOS) Bathymetric and Fishing Maps at a 1:100,000 scale. The NOS bathymetric maps provide a 2m
contour interval in many locations that is too complex for inclusion on this map. Difficulty in
interpretation of positive and negative changes in bathymetry on the poorlylabeled NOS maps created
many possible errors, especially in areas where accompanying geophysical data were lacking. For this
reason, these maps should not be used for navigation. More detailed and accurate NOS conventional
nautical charts should beused for navigation.

Bottom Samples

Between 1984 and 1991, 1,303 bottom sample stations were occupied (see the Features and Data
Source Map for locations in this region). Two attempts were made at each station where the sampler
initially returned empty, after which the site was considered a rock bottom. A Smith-McIntyre stainless
steel grab sampler was used that nominally collected up to 0.016 m3 (0.5 ft3) of sediment. Southwest of
Cape Small, samples were generally collected ina grid pattern with a 2 kilometer (1 nautical mile) distance
between sample sites. Focus was placed on the large sandy embayments off Wells, Saco, and the
Kennebec River mouth, as well as on muddy Casco Bay. Relatively few bottom samples were gathered off
rocky arcas such as Kennebunk or Kittery. Geophysical tracklines were later run over the sample stations
to permit extrapolation of the bottom sediment data. Northand east of Cape Small, geophysical data were
generally gathered before bottom samples. This resulted inaneed forfewer samples, and so fewer stations
were occupied. Following collection, samples were stored in afreezer in the sedimentology laboratory at
the University of Maine. Depending on the level of funding or specific needs of a particular project,
samples were analyzed for grain size, organic carbon and nitrogen, carbonate content and/or heavy
minerals (see Table 1 of Reference 1).

Side-Scan Sonar Profiles

Analog side-scan sonar records along 3358 km (1800 nmi) of the secafloor were gathered with an
EG&G Model SMS 260 slant-range corrected sonar operating with a Model 272-T towfish at a nominal
frequency of 105 kHz. The device was most often run at a 100 m (330 ft) range for each channel (200 m
wide swath beneath the research vessel), although ranges from 25 to 300 m (80 to 1000 [t) were
occasionally employed. The swaths of directly imaged and interpreted seafloor areas are depicted in
brighter colors onthe map. See the Surficial Geology Legend in the lower left corner of the map and the
Interpretation of Side-Scan Sonar Imagesfor further details.

Seismic Reflection Profiles

Seismic reflection profiles were gathered along 5011 km (2700 nmi) of tracklines, often in
conjunctionwith side-scansonar data (see simultancous seismic and side-scanimages above). ARaytheon
RTT 1000a 3.5/7.0 kHz unit with a 200 kHz fathometer trace was used mainly in relatively shallow water
(0 to 50 m; < 165 ft) over muddy bottoms. An ORE Geopulse "boomer" (0.5 to 200 kHz) seismic system
was most effective in deeper water (15 to 150 m; 50 to 500 ft) over thicker deposits of sandy or gravelly
sediment. Although seismic reflection profiles are mostuseful in constructing the geological history of an
area, the bathymetry and stratigraphic context they provide, along with the strength of the surface return,
also help identify the seafloor type (6). When used in conjunction with the side-scan sonar data, both the
age and nature of the surficial sediment are easily interpreted.

subordinate scafloor type is represented with a lower case letter (r, g, s, or m). For example, a
predominantly rocky seabed with gravel infilling fractures is designated Rg. The sixteen combinations of
seafloor types shown above are used for areas where side-scan sonar coverage exists and appear as bright
colors onthe map. Inareasbeyond the scan range only four generalized units were used (see the Surficial
Geology Legend).

When individual units of rock, gravel, sand, and mud were greater than 10,000 m? in area (about
the size of 3 football fields), they were mapped as separate features. In many places, however, a
heterogeneous seabed composed of numerous small features required composite map units. Inarcas where
no single seafloor type exceeded 10,000 m2, a composite map unit wasused. The selection of map units to
describe this complexity involves a compromise between providing detailed information where it exists,
and generalizing where data are scarce or absent. In many places the seabed is composed of numerous
small features, none exceeding the minimum area of 10,000 m2. Consequently, not all details in the sonar
records could be presented on this map. It should be realized that spatial heterogeneity exists at all scales,
evendownto areas less thana square meter (ten square feet).

Rockyields a strong, dark, acoustic return. In areas with steep bathymetric relief and fractures,
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Map Series Index

/’\? 2 1. Piscataqua River to Biddeford Pool (96-7)

2. Ogunquit to Kennebec River (96-8)

1 3. Cape Elizabeth to Pemaquid Point (96-9)

4. Boothbay Harbor to North Haven (96-10)

To purchase copies of this map, contact the 5. Rockland to Bar Harbor (96-11)

Maine Geological Survey,

22 State House Station, Augusta, Me 04333. 6. Mt. Desert Island to Jonesport (96-12)
Telephone: (207) 287-2801 ]
Web Site: http://www.maine.gov/doc/nrime/nrime.htm 7. Petit Manan Pt. to West Quoddy Head (96-13)

light acoustic shadows are visible within the dark areas of rock (see adjacent panels A, C, and D). Gravel
deposits also produce a relatively strong acoustic return (black to dark gray), and are often closely
associated with rock, but lack relief (A, B, C, D). Sand produces a much weaker acoustic return (light to
dark gray) than either gravel or rock, and usually lacks local relief (B). Mud yields a very weak surface
return (light gray to white) and, except where it accumulates on steep slopes or near gas-escape
pockmarks, it is associated with a smooth seabed (D). The Surficial Geology section in the far right
columndescribesthe distribution and abundance of these areas on Maine's inner continental shelf.

) Shipwreckswith ID#, see:
X b 2239 The Seafloor Revealed

Samples, Smith-Maclntyre grabs

and vibracores for more source information

D. Side-scan sonar image (right) of M and Rg seafloor types and their interpretation (left)
Muddy seafloor is uniformly light gray although the tonal difference on the left edge is ¢
recorder artifact. A mixture of rocky outcrops has an irregular dark gray appearance while
gravelly troughs appear smooth and dark gray.

B. Side-scan sonar image (left) of S, Sg, and G areas of seabed and their interpretation
(right). Sandy scafloor is lighter gray and appears smooth while the gravelly seafloor has
wave ripples with straight crestlines about 1 m (3 ft) apart. Sgareas occuras a patchwork of
S and Gtypes, but are too small to discriminate at this map scale.

Natural gas deposits, buried \ Misc. features, dump sites, cable aress,
benesth the seafl oor ~~| Teritoria Sea(3 nmi) limit

N Seismic reflection profile
tracklines

® Submersible dives

Not to be Used for Navigation

The information appearing on this map is not complete for navigation. Mariners are
cautioned to use National Ocean Service nautical charts for navigation in this area.

SURFICIAL GEOLOGY

Introduction

The surficial materials of the inner continental shelf of the northwestern Gulf of Maine are the
most complex of any place along the Atlantic continental margin of the United States. Igneous,
metamorphic, and sedimentary rocks spanning hundreds of millions of years of earth history form the
regional basement. Glacial deposits, containing all clast sizes from boulders to mud, partially mantle the
rocks. These materials, in turn, have been reworked by coastal processes during extreme fluctuations of
sea level over the past few thousand years to create better-sorted modern deposits (5). Biological
processes, including shell formation, bioturbation, and organic matter cycling have also altered the
sediment composition and left geological imprints on the seafloor (7, 8). In addition to the surficial
geology of this map, the geomorphology of the seafloor has also beenmapped. The Physiographic Map of
the Maine Inner Continental Shelf (9) shows the geomorphology of the offshore region covered by this
series of surficial geologic mapsinasingle, smaller scale map.

RockyAreas

Rocky seabed occupies approximately 41% of the inner continental shelf and is the most
abundant seafloor type in this map series. Where little data exist and the seafloor reliefis very irregular, a
rocky bottom was inferred. By this inference, large areas of rocky bottom were mapped off extreme
southern Maine, Penobscot Bay, and Petit Manan Point. Large areas of rock also occur surrounding the
many granitic islands in Blue Hill and Frenchman Bays. Elongate, submerged rock ridges follow the
linear trend of the Casco Bay peninsulas. Although common as nearshore shoals in water less than 10 m
(33 ft)deep, large outcrops of rock are relatively rare in deep offshorebasins.

The bedrock geology was not determined, but side-scan sonar images clearly depict parallel
fractures and elongate outcrop patterns common in layered metamorphic rocks as well as more rounded
bodies of rock often associated with plutonic (granitic) igneous rocks (10). In shallow water, rock
outcrops are usually covered with algae (seaweed) and encrusting organisms. Below water depths ofafew
tens of meters (the photic zone), encrusting organisms and organic mats often cover bedrock outcrops.
"Rock greaterthanmud" (Rm; for anexplanation of abbreviations see Interpretation of Side-Scan Sonar
Images) is most common in deep offshore basins where outcrops project up through the mud that mantles
the seafloor. Rm also occurs as small areas seaward of tidal flats in nearshore basins. "Rock greater than
sand" (Rs) existsonly ina few locations offshore of beaches.

Areas adjacent to rock outcrops are commonly covered with shells of dead organisms. Formerly
attached to the rock surface, these shelly remains are mixed with angular rock fragments that have fallen
off the outcrop (8). Bedrock fractures and troughs also have a similar mixture of shell and rock clasts. For
this reason, extensive, "pure" rock outcrops were infrequently mapped. Instead, fractured bedrock and
small bodies of rock were most often mapped as "rock greater than gravel" (Rg) or "gravel greater than
rock" (Gr), two of the most common seafloortypes observed.
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Side-Scan SonarProfile. Theimage aboveisaportion of a side-scan sonar record taken simultancously
with the seismic reflection profile to the left. Thisimage shows a plan view of the seafloor (much like an
acrial photograph). The area shownis about the size of eight football fields. The darkerarea isa mixture
of bedrock outcrop and gravel (Rg). The lighter arcas on either side are flat. muddy seafloor (M). The
ship track followed the black center line over the bottom. Both of these images were made using sound
waves.

Gravelly Areas

Gravel is a common constituent of inner shelf sediment, but occupies only 12% of the seafloor
itself. Gravelisabundantinonly afew locations: off the Kennebec River mouth where deltaic sediments
are exposed, off Wells and Saco Bays near reworked glacial moraines, and near the Canadian border.
Frequently the gravel has a rippled surface, and may contain minor amounts of coarse sand. In areas
where waves regularly scour the seabed, a gravel lag deposit armors the seafloor. Gravel also occurs in
broad linear bands near submerged moraines.

As described above, "gravel greater than rock" (Gr) is a common feature adjacent to bedrock
outcrops. Here the gravel may have a high shell content (calcium carbonate) because shells are often the
only modern sediment introduced to anarea. Grand "gravel greater than sand" (Gs) are major features of
the seafloor from the Canadian border to Englishman Bay. Here, low relief bedrock is mantled by till,
which fills in rock depressions but lacks much relief itself. "Gravel greater than mud" (Gm) is very rare
along the inner shelf. Gravel and mud are not deposited in the ocean under the same hydrodynamic
conditions, but may be found just beneath the seafloorin till deposited by glaciers more than 13,000 years
agobenecath glacialice .

SandyAreas

Sandy seafloor (S) occupies only 8% of the inner shelf of the northwestern Gulf of Maine. The
sandiest regions are offshore of southern Maine beaches such as Old Orchard and Ogunquit. In the mid
coastregion, alarge sandy arca "sand greaterthan gravel" (Sg) occurs off the Kennebec River mouth. This
Sgarea, consisting of many small rippled gravel patches that are intermingled with sand, has not changed
appreciably ina decade, although large winter storms resuspend sand and gravel in water depths down to
at least 55 m (180 ft). Many smaller bodies of sand are scattered elsewhere throughout the coast,
occasionally around the 50 to 60 m (165 to 200 ft) depth, near the lowest stand of sea level since the Ice
Age.

Sandy material is acoustically uniform and strongly contrasts with bordering areas of gravel and
rock. Although many sediment samples from shallow water contain well-sorted ("clean") sand, areas
mapped "sand" or sand with other materials frequently contain sediment in which the sand is mixed with
mud, graveland a variety of shell fragments.

"Sand greater than rock" (Sr) is a minor component of the seafloor that exists adjacent to small
bedrock outcrops scattered across the mapped area. Itis possible that more Srareas exist, especially inthe
southern shelf, but few observations were made in that region. "Sand greater than mud" (Sm) is a very
difficult unit to map because mixtures of mud and sand look similar onacoustic images. The only mapped
areas of "sand greater thanmud" are located in Saco Bay, where bottom samples confirmed the presence of
bothparticle sizes. Similaroccurrences of Sm may occuratthe scaward margin of otherbeaches.

MuddyAreas

Muddy regions cover 39% of the seafloor and are the second most abundant surficial material.
Mud is the dominant seabed material in all nearshore areas except for southern Maine and near the
Canadianborder. Itisalso the major deep-water surficial material in all locations except off the southern
Maine coast.

Mud accumulates neararcas where there is an available supply of fine-grained sediment and there
are quicter hydrodynamic conditions, whichfavor the slow settling of small particles, or their entrapment
by organisms. Innearshore regions, mud comes from eroding glacial bluffs and seasonally fromrivers. In
deepwater, mud mustbe derived from winnowing and erosion of deposits in shallow water.

Muddy seafloors are featureless on acoustic records unless they have been disturbed or contain
anomalous "hard" objects. Drag marks left by fishing gear are common in most sedimentary
environments, but are most noticeable when carved into mud. Gas-escape pockmarks are generally
hemispherical depressions that result from localized seabed disturbance. Where pockmarks occur in
abundance, the seafloorisuneven. Thousands of pockmarks hundreds of meters (yards) in diameter and
tens of meters (yards) deep make crater-like terrain in the muddy bottom in Belfast, Blue Hill, and
Passamaquoddy Bays (7,8).

"Mud greater thanrock" (Mr) occurs in some deepwater locations, but "mud greater than gravel”
(Mg) is as rare as "gravel greater than mud" (Gm) because of the hydrodynamic differences between the
sizes of materials. "Mud greater than sand" (IMs) occurs seaward of the sandy area of Saco Bay and is
mapped onthebasisofalarge numberof bottom samples that encountered this mixture in this region.
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Appendix A.3 — OWEGIS Development and Reference Information

Offshore Wind Energy Geographic Information System (OWEGIS) layers were
developed in reference to MMS’ Proposed Rule 30 CFR Parts 250, 285, & 290 & the
Multipurpose Marine Cadastre OCS Mapping Initiative.

Marine Mapping Cadastral Fact Sheet (Steve Kopach, Chief - MMS Mapping &
Boundary Branch). Available at
http://www.csc.noaa.gov/mbwg/htm/mmc_factsheet.doc.

Last accessed May 2, 2009.

OCS Mapping Initiative — Implementation Plan for the Multipurpose Marine
Cadastre (MMS Mapping & Boundary Branch, March 2006, v. 3.3). Available at
http://www.mms.gov/Id/PDFs/Mappinglnitiative.pdf. Last accessed May 2, 2009.

Working Towards a Multipurpose Marine Cadastre (Stephen Kopach - MMS,
James Fulmer — MMS, and David Stein — NOAA CSC), International Lands
Management Conference Presentation, October 27, 2008, Application of Energy
Policy Act of 2005, Section 388 (EPAct of 2005). Available at
http://www.submergedlands2008.com/presentations/MMS-

NOAA session2ISLMCOQ8.pdf. Last accessed May 2, 2009.

The Multipurpose Marine Cadastre Web Map (James Fulmer), 2007 ESRI Survey
& Engineering GIS Summit, June 16 — 19, 2007, San Diego, CA. Available at
http://proceedings.esri.com/library/userconf/survey07/ssummit/papers/pap_2175.

pdf.
Last accessed May 2, 2009.

Marine Boundary Working Group FY 07 Work Plan
Cindy Fowler — NOAA CSC and Stephen Kopach — MMS Mapping & Boundary
Branch, Co-chairs of MBWG. Available at
http://www.fgdc.gov/participation/working-groups-
subcommittees/mbwg/07workplan. Last accessed May 2, 20009.

Reference layers and themes developed for OWEGIS from the above Agency efforts is
illustrated on the following page.



Wind Energy Siting Considerations — Offshore Wind Energy GIS (OWEGIS) Data Layers

Physical Characteristics/Physical Environment Total: 113 layers
Wind Resource/Mean Annual Wind Speed (NREL/AWS Truewind, UMaine)
Wind Resource/Mean Seasonal Wind Speed (DJF, MAM, JJA, SON — NREL/AWS Truewind, UMaine)

Bathymetry

Seabed morphology; Seabed surficial sediments
Hurricanes; Hurricane tidal surges

Topography (Islands, Coastal, Upland)

Infrastructure & Commercial Uses (Industrial Uses) Total: 73 layers
Coastal Restrictions/Marine Hazards - Military Zones
Coastal Restrictions/Marine Hazards - Obstructions and Hazards
Coastal Restrictions/Marine Hazards - Unexploded ordinances, spoil grounds, dumping grounds
Marine Navigation, Navy & U.S.C.G. Issues — Radar locations
Marine Navigation, Navy & U.S.C.G. Issues — Shipping Lanes, Traffic Separations
Transportation (Airspace, Terrestrial, Coastal & Marine) - Airports
Transportation (Airspace, Terrestrial, Coastal & Marine) — Roadways, Transportation Routes, Ports
Utility & Development Infrastructure (Electrical, Pipelines)

Human Activity — Environmental/Ecological Impacts & Wildlife (Terrestrial, Coastal, Marine) Total: 144 layers
Dynamic Area Management Zones (Right Whales)
Threatened/Endangered/Depleted Species
Bald and Golden Eagles
Essential Fish Habitats
Terrestrial, coastal, and marine protected species

Human Activity — Coastal Economic & Extractive Resource Uses Total: 21 layers
Lobster Management Zones
Shelifish Collection Regions
Aquaculture Leases
Worm Harvesting

Human Activity — Cultural & Aesthetic Qualities Total: 47 layers
Native Resources
Shipwrecks; Lighthouses
National Parks; State Parks
Maine’s Finest Lakes & Scenic Rivers ** As of 6/1/2009, OWEGIS contained
over 443 distinct layers of information.

Legal, Technical, and Permitting Boundaries Total: 45 layers
Private/State Boundary
State/Federal Boundary
8 ‘g’ Zone - Revenue Sharing Line
Territorial Seas
Contiguous Seas
Economic Exclusive Zone
Marine Sanctuaries

OWEGIS was created to collect, analyze, & display information to assist in planning, permitting, and offshore wind
energy development in the Gulf of Maine. Items in gray indicate data in acquisition, data that can only be
viewed for proprietary reasons, and/or data that have limited data sharing agreements.
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Gulf of Maine: Pertinent Legal Provisions and Relevant Activities on Submerged
Lands (SLA) and the Outer Continental Shelf (OCS) to the Development of
Offshore Wind Energy Geographic Information System (OWEGIS)

Aids and Hazards to Navigation (33 U.S.C. 62, 64, 66)

[U.S. Aids to Navigation System; Marking of Structures, Sunken Vessels, and other Obstructions; Private
Aids

to Navigation]

American Indian Religious Freedom Act of 1978 (42 U.S.C. 1996); Executive Order 13007, “Indian Sacred
Sites” (May 24, 1996)

Atlantic Coast Fish Cooperative Management Act (16 U.S.C 71)
Bald and Golden Eagle Protection Act (16 U.S.C. 668 — 68d)
Clean Air Act, as amended (CAA) (42 U.S.C. 7401 et seq.)
Clean Boating Act of 2008 (S.2766)

Clean Water Act (CWA), Section 311, as amended (33 U.S.C. 1321); Executive Order 12777,
“Implementation of Section 311 of the Federal Water Pollution Control Act of October 18, 1972, as
amended, and the Oil Pollution Act of 1990”

Clean Water Act (CWA), 33 U.S.C. 1251, 1311

Clean Water Act (CWA), sections 301, 304, 306, 308, 402, 501, and 510, as amended (33 U.S.C. 1311,
1314, 1316, 1318, 1342, 1361, and 1370) and pursuant to the Pollution Prevention Act of 1990, 42 U.S.C.
13101 et seq.

Clean Water Act (CWA), sections 401, (33 U.S.C. 1351) and pursuant to the Pollution Prevention Act of
1990, 42 U.S.C. 13101 et seq.

Clean Water Act (CWA), sections 402 and 403, as amended (33 U.S.C. 1342 and 1343)
Coastal Zone Management Act (CZMA\) of 1972, as amended (16 U.S.C. 1451 et seq.)

Delimitation of the Maritime Boundary in the Gulf of Maine Area (Canada/United States of America)
[1984]
ICJ Rep 35.

Endangered Species Act of 1973, as amended (16 U.S.C. 1531 et seq.)

Estuary Protection Act (16 U.S.C. 1221 — 1226)

Federal Aviation Act of 1958 (49 U.S.C. 44718); 14 CFR 77

Fish and Wildlife Coordination Act (16 U.S.C. 661)

High Seas and Inland Demarcation Lines, (33 U.S.C. 151)

Internal Revenue Code of 1986, (26 U.S.C. 45) — Production Tax Credit (PTC)

Internal Revenue Code, (26 U.S.C. 168) Modified Accelerated Cost Recovery System (MACRS)
Internal Revenue Code, (42 U.S.C. 13317 et seq.) Renewable Energy Production Incentive (REPI)

International Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI Global Sulfur
Caps

International Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI SOx Emissions
Control Area (SECA) for North America

International Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI Tier Il and Tier
I11 exhaust emission standards

International Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI; 2000 Tier |
NOx standard



Load Lines, 46 U.S.C. 5101

Magnuson-Stevens Fishery Conservation and Management Act (also known as the Fishery Conservation
and Management Act of 1976, as amended by the Sustainable Fisheries Act) (16 U.S.C. 1801 et seq.)

Marine compression-ignition (diesel) engine rule Compliance
Marine Mammal Protection Act of 1972, as amended (16 U.S.C. 1361-1407)
Marine Protection, Research, and Sanctuaries Act of 1972, as amended (33 U.S.C. 1401 et seq.)

Migratory Bird Treaty Act of 1918, as amended (16 U.S.C. 703-711); Executive Order 13186,
“Responsibilities of Federal Agencies to Protect Migratory Birds” (January 10, 2001)

National Aquatic Invasive Species Act of 2003 (NAISA)
National Environmental Policy Act of 1969, as amended (NEPA) (42 U.S.C. 4321 et seq.)

National Historic Preservation Act of 1966, as amended (16 U.S.C. 470-470t); Archaeological and
Historical Preservation Act of 1974
(16 U.S.C. 469-469c-2)

National Marine Sanctuaries Act (16 U.S.C. 1431 et seq.)

National Ocean Pollution Planning Act, 33 U.S.C. 1702

National Tidal Datum Convention of 1980 (NTDC 1980)
Non-indigenous Aquatic Nuisance Prevention and Control Act of 1990, 16 U.S.C. 4701
North Atlantic Salmon Fishing Act, (16 U.S.C. 56)

Ocean Dumping Act, 33 U.S.C. 1401

Ocean Thermal Energy Conversion Act, 42 U.S.C. 9101 (OTEC)

QOil Pollution Act of 1990, 33 U.S.C. 2701

Outer Continental Shelf (OCS) Lands Act (43 U.S.C. 1331 — 1337)
Ports and Waterways Safety Act, as amended (33 U.S.C. 1221 et seq.)
Prevention of Pollution from Ships, 33 U.S.C. 1902

Resource Conservation and Recovery Act, as amended by the Hazardous and Solid Waste Amendments of
1984
(42 U.S.C. 6901 et seq.)

Rivers and Harbors Appropriation Act of 1899 (33 U.S.C. 401 et seq.)

Shore Protection from Municipal or Commercial Waste, 33 U.S.C. 2601

Submerged Lands Act, 43 U.S.C. 1301 (SLA)

The Investment Company Act of 1958 [established the Small Business Investment Company (SBIC)]
Water Resource Development Act of 1992 (33 U.S.C. 562)
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