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This volume is dedicated to 

Walter S. Newman 
(1927-1987) 

Walter Newman was an inspiration to all of us who knew him, especially for his invaluable 
contributions and discussions on the Quaternary geology and postglacial sea-level history of New 
Eng land. Those who enjoyed the pleasure of his friendship will also want to te ll you of his humaniry, 
his wannth, and wonderful sense of humor. 

Walter was a born-and-bred New Yorker, with a B.A. from Brooklyn College, M.A. from 
Syracuse, and Ph.D. from New York University. His early professional experience was in 
engineering geology. However, in J 960 he joined the Department of Geology of Queens College as 
a lecturer, eventually becoming chainnan and full professor. 

I first met Walter in the mid I 960 's and for many years thereafter he and I discussed our common 
interests in aspects of Quaternary research involving sea-level change, prehistoric archaeology, and 
the history of glaciation in the Northeast. 

Within this framework he visualized many opportunities to extend late Pleistocene and Holocene 
sea- level studies in Maine and so we often discussed the range of opportunities, scientific approaches, 
and most pertinently the application of relative sea-level changes to solving problems of both regional 
and local land-level changes. 

Largely from this dialogue, and his constant encouragement, the coastal Maine project was 
ultimately conceived and put into action. 

Harold W. Borns, Jr. 
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ABSTRACT 

Recent observations on sea-level change along the Maine coast have led to speculation that the rise in relative 
sea level is anomalously rapid in some areas, and cannot be solely the product of eustatic sea-level rise. A 
multidisciplinary study was initiated to determine whether the coastal submergence might be partly the result of 
neotectonic crustal subsidence. Project activities included bedrock mapping in eastern coastal Maine, where there 
is a concentration of recent earthquakes and faulting has occurred over much of Phanerozoic time, and in other 
areas of southern Maine with seismic activity and major fault zones. Evidence of Holocene crustal movement was 
sought through various research methods involving geodesy, geophysics, and measurement of relative sea-level 
change. Investigators used several means to determine the amount of vertical crustal movement indicated by 
sea-level fluctuations, each method being suited to a particular interval of postglacial time. These techniques 
included analyses of uplifted glaciomarine deltas, salt-marsh accretion, differential erosion of coastal archaeological 
sites, drowning of salt-marsh dykes and other historic coastal structures, and tide-gauge records. 

The crustal warping study has shown that neotectonic activity in Maine is defined by recurrent seismicity and 
secular changes in relative sea level. Earthquakes have been recorded historically in the state since the l 700's. They 
occur most commonly in certain areas of Maine, such as the Passamaquoddy Bay region on the Maine-New 
Brunswick border. Earthquakes also occur in a less concentrated band subparallel to the coast. Although slumping 
of late Pleistocene and modern marine sediments was observed on the sea floor near mapped bedrock faults, neither 
the slumps nor the earthquakes have been conclusively linked to specific faults. No postglacial tectonic movement 
along bedrock faults has yet been recorded in Maine. The causes of Maine earthquakes are unclear, but probable 
mechanisms include plate tectonic and glacioisostatic stresses. 

Sea level has fluctuated profoundly in the western Gulf of Maine during late Quaternary time, but the rate of 
sea-level change in this region has not been uniform. Maine has experienced the greatest amount of late-glacial 
marine submergence and subsequent isostatic emergence of any state or province bordering the Gulf of Maine. Sea 
level is now rising along the Maine coast at rates exceeding the average eustatic rise. Several lines of evidence suggest 
that eastern Maine is undergoing more rapid submergence than coastal localities to the southwest, probably because 
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of differential crustal subsidence in the vicinity of Passamaquoddy Bay. The collapse and migration of a crustal 
bulge which formed along the margin of the Laurentide Ice Sheet may be contributing to the downwarping and 
seismic activity. However, this theory alone is not adequate to explain the apparent localization of more rapid 
subsidence in eastern coastal Maine, which is occurring at rates of up to at least 5 mm/yr. The distinctive bedrock 
lithology, structure, and long-term tectonic mobility of this area are believed to cause its present instability. 

INTRODUCTION AND METHODOLOGY 

About 20 years ago, archaeological research by David 
Sanger (University of Maine) showed that prehistoric clamshell 
middens on the shore of Passamaquoddy Bay (Figure l) are 
being rapidly eroded by the sea. He noticed that intertidal mud 
flats from which the clams could have been harvested are either 
absent due to erosion, or have been submerged and are no longer 
exposed at low tide (Sanger, 1971 ). Sanger hypothesized that 
sea level has risen significantly since these middens were made 
by the prehistoric inhabitants approximately 2,400 to 350 years 
ago. He also noted a lesser degree of wave erosion of middens 
along the coast southwest of Passamaquoddy Bay. He con
cluded that this difference could not be explained simply by 
uneven erosion along the coast, and proposed that there had been 
less sea-level rise to the southwest. Sanger's observations are 
the first modern suggestion of a differential relative sea-level rise 
on the Maine coast during late Holocene time. This phenomenon 
can be interpreted as the result of differential crustal subsidence. 
Further evidence of tectonic instability is provided by the fre
quent occurrence of low-intensity earthquakes in the Passama
quoddy Bay area (Ebel, this volume; Smith and others, this 
volume; Johnston and Foley, 1987). Moreover, the bay is located 
in an area of persistent subsidence and bedrock faulting through 
geologic time (Gates, this volume). 

As a test of the crustal subsidence hypothesis, Thompson 
(1973) developed a local relative sea-level rise curve based on 
the thickness and rate of salt marsh accretion in Addison, Maine, 
located midway along the eastern half of the Maine coast. 
Although his sampling technique allowed some unquantifiable 
errors, the resulting radiocarbon-dated curve showed a progres
sive sea-level rise in the Addison area of approximately 5 m 
during the last 2,500 years. The rate of relative sea-level rise 
averaged 2 mm/yr during this time interval, but was exponen
tially slower towards the present. Thompson's work also sug
gested that the relative sea-level rise from 5,000 to 2,000 years 
ago was greater than could be accounted for by eustatic rise 
alone. Hence he concluded that crustal subsidence was respon
sible, thus supporting Sanger's original premise. 

In the mid 1970's the Maine Geological Survey received 
numerous requests for technical assistance concerning coastal 
erosion and shoreline change. Although this attention at first 
resulted from an emerging environmental awareness related to 
coastal development, geologic processes soon became linked 
with issues involving politicalJy and economically sensitive 
subjects like the siting of power plants, dredging of harbors, and 
construction of seawalls. Consultation with Harold W. Borns, 
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Jr. of the Institute for Quaternary Studies at the University of 
Maine inspired the Maine Geological Survey to focus attention 
on the phenomenon of sea-level rise, and its relation to neotec
tonic activity, as the principal mechanism influencing shoreline 
change on the coast of Maine. 

In 1977, in colJaboration with the Institute for Quaternary 
Studies, the Maine Geological Survey submitted a research 
proposal to the United St?.tes Nuclear Regulatory Commission 
entitled: "An Investigation of Late Glacial-Holocene Crustal 
Warping Along the Maine Coast." The Nuclear Regulatory 
Commission was, at that time, considering several coastal sites 
in Maine for a nuclear power plant, and the multidisciplinary 
proposal to investigate seismicity, sea-level change, and crustal 
movement was funded. The study began in 1978 and continued 
through 1986; the results are summarized in this volume. 

The research approach has been to measure relative sea
level change on a variety of time scales, utilizing several 
methods, and then subtract eustatic sea-level rise, which is 
approximately l mm/yr (Gornitz and Lebedeff, 1987). This 
leaves any residual difference attributable to land-level change. 
In order to test the hypothesis that the eastern part of Maine's 
coastal zone may be subsiding more rapidly than the western 
part, the study compared first-order elevation data measured by 
the U.S. Coast and Geodetic Survey (now the National Ocean 
Survey) in 1942 with survey data obtained in 1966. This com
parison strongly suggested that crustal subsidence occurred in 
the time interval between surveys, and that it was progressively 
greater toward the east, reaching a maximum of 9 mm/year 
{approximately l m per century) in the Passamaquoddy Bay area 
(Tyler and Ladd, 1980; Tyler, this volume). 

Given these initial findings, an interdisciplinary team was 
formed to obtain overlapping, but independently derived, data 
sets to measure crustal warping over the span of time from 
deglaciation (about 14,000 years ago) to the present. The plan 
was to measure crustal deformation on a variety of time scales, 
and to validate and refine independent data sets in terms of 
magnitude, vertical direction, and geographic distribution of 
crustal deformation. This approach would document postglacial 
crustal mobility more accurately and over a longer period of time 
than would have been possible using only one type of informa
tion. 

This investigation of neotectonics in coastal Maine has 
included research in the fields of bedrock geology and 
geophysics, seismology, glacial a nd marine geology, 
paleobotany, archaeology, history, oceanography, and geodesy. 
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Figure I. Location of Maine with reference to the other New England states and neighboring Canadian provinces. The numbers in 
parentheses refer to the local rates of sea-level rise in mm/yr as evaluated by tide gauges. The United States data are from Hicks and 
others ( 1983), and represent the time interval 1940-1980. The Canadian data are from Vanicek (1976) and represent a variety of time 
intervals. "P.B." indicates Passamaquoddy Bay. 
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Along with the interdisciplinary research plan, a management 
plan was formulated for the interaction of participants to allow 
a free flow of information and ideas. It included regular group 
meetings and field conferences to compare current results in 
order to modify and set future research directions. In addition, 
the group set guidelines for sharing and publishing data under 
individual or collective authorship. 

The work generally has progressed as visualized. It has 
demonstrated that the rate of relative sea-level rise along the 
Maine coast has varied in time and place during the last 2,000 
years, and that this phenomenon is most likely the result of 
differential crustal subsidence. However, the resolution of rates 
of sea-level change during particular segments of postglacial 
time has varied in accuracy as a function of field conditions and 
limitations inherent in the research methods. 

Finally, the research is most complete for the eastern half of 
the Maine coastal zone. More work is needed in the western part 
to bring that area to the same level of understanding. The data 
presented in this volume suggest that the crust, although probab
ly subsiding, is more stable in the latter region. Methodologies 
are now in place for expanding this research into the western 
coastal zone and enlarging the data base available for determin
ing the cause of crustal activity along the passive continental 
margin of the Atlantic states. 
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The research team included: 
Maine Geological Survey 

Walter A. Anderson, State Geologist 
Olcott Gates, Bedrock Geologist 
Joseph T. Kelley, Marine Geologist 
Donald W. Newberg, Bedrock Geologist 
Woodrow B. Thompson, Quaternary Geologist 

University of Maine, Institute for Quaternary Studies 
R. Scott Anderson, Botanist 
Daniel F. Belknap, Geologist 
Harold W. Borns, Jr., Quaternary Geologist 
Lisa P. Bostwick, Quaternary Geologist 
Anne E. Bridges, Historian 
Beatrice Craig, Historian 
Kristine J. Crossen, Quaternary Geologist 
George L. Jacobson, Jr., Botanist 
Heather A. Jacobson, Botanist 
Davida E. Kellogg, Quaternary Geologist 
Douglas Kellogg, Archaeologist 
Jonathan W. Ladd, Engineer 
Steven R. Lambert, Engineer 
Alfred Leick, Engineer 
Peter M. Messier, Engineer 
Charles D. Race, Quaternary Geologist 
David Sanger, Archaeologist 
R. Craig Shipp, Geologist 
David C. Smith, Historian 
Stewart N. Thompson, Quaternary Geologist 
David A. Tyler, Survey Engineer 
Willy L. Weng, Engineer 

Bowdoin College 
Arthur M. Hussey II, Bedrock Geologist 

Colby College 
Donaldson Koons, Bedrock Geologist 

Norwich University 
David S. Westerman, Bedrock Geologist 

State University of New York at Queens 
Allan Ludman, Bedrock Geologist 

Syracuse University 
Gary M. Boone, Bedrock Geologist 

United States Geological Survey 
Fitzhugh T. Lee, Geologist 

University of Hawaii 
Kost A. Pankiwskyj, Bedrock Geologist 

University of Oslo, Norway 
Bjorn G. Andersen, Quaternary Geologist 

Weston Observatory (Boston College) 
John E. Ebel, Geophysicist 
James W. Skehan, Bedrock Geologist 

GEOLOGICAL SETTING AND 
LATE QUATERNARY SEA-LEVEL HISTORY 

The state of Maine is located along the western Gulf of 
Maine (Figure l), in the northeast-southwest trending Ap
palachian Orogen. The northern and western portions of the 
state are mostly part of the Central Highlands physiographic 
province of New England, with elevations commonly exceeding 
200 m and reaching a maximum of nearly 1600 m (Denny, 1982). 
The central and coastal regions of the state possess low, rounded 
hills less than 200 min elevation with several isolated peaks over 
400 m. Denny (1982) suggested that the major topographic 
elements of the region are preglacial in origin, and that the 
highland and possibly the lowland areas have been emergent 
throughout much of the Cenozoic. No Cenozoic sedimentary 
rocks are known to exist in Maine. 

The Gulf of Maine is a 93,000 square-kilometer basin, 
which is 70 percent enclosed on the landward sides by the New 
England states and Canadian maritime provinces (Figure l ), and 
largely protected on the seaward side by the shallow Georges 
and Brown's Banks. The greatest depth in the Gulfof Maine is 
approximately 400 m, and its configuration results from glacial 
and possibly fluvial action during the Cenozoic. Sedimentary 
rocks of Cenozoic age are known from the bottom of the Gulf of 
Maine, and underlie Georges and Brown's Banks. 

Maine is characterized by northeast-southwest trending 
lower to middle Paleozoic metamorphic rocks. These rocks 
range from high to low metamorphic grade from south to north 
(Osberg and others, 1985). Several lithotectonic belts cross 
central, coastal, and offshore Maine (for recent reviews, see 
Williams and Hatcher, 1982, and Hutchinson and others, 1988). 
Each belt appears to record the sequential arrival, collision, and 
accretion of a volcanic or continental terrane welded to the North 
American Grenville basement. These large-scale Paleozoic 
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crustal processes were accompanied by extensive and complex 
structural overprinting, faulting, fracturing, and suture develop
ment; and the entire region has been intruded by Paleozoic and 
Mesozoic igneous bodies (see, for example, regional descrip
tions by Gates and Hussey in this volume). Subsequent con
tinental extension during the Mesozoic resulted in crustal 
thinning, reactivation of bedrock faults, and the development of 
graben basins in the Bay of Fundy and outer Gulf of Maine. 

Following the development of bedrock terranes, the Quater
nary geologic history of Maine has included at least two glacia
tions recorded by till deposits (Borns and Calkin, 1977; 
Thompson and Borns, 1985b). The most recent glacial episode 
in Maine probably began about 25,000 years ago. The late 
Wisconsinan Laurentide Ice Sheet advanced across New 
England, achieving its terminal position on the continental shelf 
between about 21 ,000 and 18,000 BP (Stone and Borns, 1986). 
The glacier margin then retreated across the Gulf of Maine and 
into central Maine, accompanied by a marine transgression. It 
is unclear whether an extensive ice shelf existed in the Gulf 
during this time. Radiocarbon dates on seaweed and marine 
shells in stratified moraines indicate the presence of a marine
based ice sheet along the coast of Maine and New Brunswick 
between 14,000 and 13,000 BP (Stuiver and Borns, 1975; 
Thompson and Borns, I 985b; Stea and Wightman, 1987). Fine
grai ned glaciomarine sediments, known as the Presumpscot 
Formation (Bloom, 1963), occur extensively in the lowlands of 
Maine as far as 150 km inland from the present coast (Thompson 
and Borns, I 985a). The inland marine limit (Figure 2) is marked 
by glaciomarine deltas, but is poorly constrained in time. The 
widespread glaciomarine sediments, the range of radiocarbon 
dates on fossils within these sediments (Smith, 1985), and the 
pattern of end moraines suggest that the retreating ice margin 
reached the inland marine limit sooner in some areas than in 
others. 

Terraced melt water channels crossing the tops of ice-contact 
glaciomarine deltas imply that isostatic rebound was already 
occurring when glacial ice was still present in Maine (Thompson 
and others, this volume). Although well-preserved regressive, 
emerged shorelines are uncommon, radiocarbon dates from fos
sil shells and tree remains within the upper Presumpscot Forma
tion suggest that falling sea level reached the position of the 
present coastline in western Maine between 11,500 BP and 
ll ,000 BP (Figure 3; Belknap and others, 1987; Smith, 1985; 
Thompson and Borns, 1985b), while eastern Maine was emer
gent as early as 12,500 to 12,000 BP (Stuiver and Borns, 1975). 
Since Bloom's (1963) early work, there has been no doubt that 
sea level once dropped lower than the present shoreline. Con
siderable disagreement exists, however, concerning the age and 
depth of the postglacial lowstand shoreline (Figure 3). 

Bloom's ( 1963) inference of a postglacial sea level 10 m 
lower than present was based on the depth of weathered 
glaciomarine sediments {paleosol) beneath modern salt marshes. 
Using seismic reflection profiling, Schnitker (1974) suggested 
that the lowstand shoreline is at a present depth of -65 m. 

Belknap and others (1986) recognized a Iowstand paleodelta off 
the mouth of the Kennebec River, and estimated its age as 9 ,500 
± 1,000 BP. This paleodelta has been investigated by Belknap 
and others (in press) and Shipp and others (in press). Oldale and 
others ( 1983) interpreted drowned beach deposits from seismic 
profiles across a submerged paleodelta off the Massachusetts 
coast at about the -50 m depth, which conflicts with estimates of 
a -30 m shoreline (Birch, 1984) in nearby New Hampshire. Scott 
and others ( 1987) described peat deposits off the Bay of Fundy 
which presently mark the lowstand shoreline in that area from 
about 7 ,000 BP. While these observations of shallower lowstand 
shorelines northeast and southwest of the Maine coast are 
plausible reconstructions from near the edge of areas that were 
glacially down warped, neither the above nor Peltier's ( 1986) 
model (Figure 3) accounts for all observed sea-level fluctuations 
in the western Gulf of Maine. This discrepancy may result from 
the complex deglacial history of the region and the global nature 
of Peltier 's model. 

There are no radiocarbon dates from sea-level indicators in 
Maine between about 11,000 BP and 6,000 BP (Belknap and 
others, 1987). Beginning around 5,000 BP there are many 
radiocarbon dates from the base of salt marshes in the Gulf of 
Maine (Figure 4; Oldale, 1985; Belknap and others, 1987; Scott 
and others, 1987). Dates from the base of a salt marsh deposit 
which is resting on an uncompactable substrate are understood 
to represent the approximate position of high tide at a time in the 
past (Oldale, 1985). Not all sea-level dates from the New 
England region are from marsh peats, however. The sea-level 
data from Masachusetts and New Hampshire, summarized by 
Oldale (1985), form a relatively steep sea-level rise line with a 
slope representing more than 5 mm/yr of sea-level rise between 
4,500 and 2,000 BP (Figure 4). This line contains many dates 
from freshwater peats, tree stumps, and wood fragments at the 
base of a salt marsh. The dated materials predate the time of 
marine inundation by an uncertain amount. Similarly, the rela
tively steep line from the Bay of Fundy (Figure 4) is based on 
radiocarbon dates from wood fragments collected from high
marsh peat (Scott and Greenberg, 1983). Newly collected dates 
from Maine, however, are all from basal salt marsh peat deposits 
(Belknap and others, 1987 and this volume). These data show a 
relatively gentle slope of about 1.8 mm/yr between 4,500 BP and 
2,000 BP (Figure 4). If wood-fragment dates on samples from 
the basal peat horizons were added to the latter plot, the slope 
would be steeper, and the scatter in the data would be greater. 

Many workers have inferred that the rate of sea-level rise 
slowed down at around 2,000 BP. For locations within the Gulf 
of Maine to the northeast and southwest of Maine, that time is 
taken as 2,500 BP (Oldale, 1985; Scott and Greenberg, 1983), 
while in Maine, some time between 2,000 and 1,500 BP seems 
to better locate the change in slope of the sea-level rise line 
(Figure 4 ). Oldale ( 1985) suggests that sea level has risen at a 
rate of I mm/yr for the past 2,500 years for regions from New 
Hampshire to New Jersey. Modern rates of sea-level rise as 
evaluated by tide gauges indicate rates of inundation 3 to 4 times 
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that estimate around parts of the Gulf of Maine between 1940 
and 1980 (Figure 1 ). 

EVIDENCE FOR NEOTECTONICS IN MAINE 

There are four broad disciplines -- seismology, bedrock 
geology, sea-level studies, and geodesy-- within which evidence 
has been generated pertaining to neotectonics in Maine. One 
indicator of neotectonic activity is seismic energy release in the 
form of historical and modem earthquakes (Figure 2). Large and 
damaging earthquakes have occurred in Maine within historical 
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time (Smith and others, this volume), and numerous smaller 
earthquakes have been instrumentally detected in the state and 
region in recent years (Johnston and Foley, 1987; Shake! and 
Toksoz, 1977; Ebel, 1984, this volume). The locations of Maine 
earthquakes do not appear to be randomly distributed. Rather, 
they are concentrated in a broad zone subparallel to the present 
coast and largely confined to the lowland region of late-glacial 
marine submergence (Figure 2). Within this zone, many of the 
recent earthquakes have clustered in the eastern extremity of the 
state (Passamaquoddy Bay area) and in central Maine, and there 
is a lesser concentration in the southwestern coastal region 
(Johnston and Foley, 1987). 
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Figure 2. Map showing earthquake distribution in northeastern United States and adjacent Canada and the inland limit of late-glacial 
marine submergence. The distribution of earthquakes in New England and the Canadian Maritimes between 1534 and 1977 is 
modified from Chiburis ( 1981 ). 
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Figure 3. Late Quaternary sea-level change curves for the western Gulf 
of Maine. The data from Maine are modified from Belknap and others 
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from Oldale and others ( 1983). The curve from Peltier(l986) is derived 
from theoretical considerations. 

In the Passamaquoddy Bay area, a major fault zone runs 
parallel to the present coast, separating an offshore Mesozoic rift 
basin from a lower Paleozoic volcanic terrane in coastal Maine. 
The Oak Bay fault trends normal to the axis of this rift basin and 
follows the international border between Maine and New 
Brunswick (see map by Gates, this volume). An investigation of 
rocks along the Oak Bay fault found no indication of Cenozoic 
activity, and a Mesozoic diabase dike that crosses this fault 
shows no apparent offset (Gates, this volume). A statewide 
reconnaissance search for postglacial fault movements similarly 
revealed no evidence of recent activity at the ground surface 
(Koons, this volume). However, geophysical work by Lee (this 
volume) indicates the presence of a horizontal compressive 
stress striking N 80° E in the bedrock of eastern Maine. Papers 
in this volume by Ebel, Gates, and Lee propose a causal relation
ship between tectonic stresses within the North American plate 
and the occurrence of Maine earthquakes. Ebel ( 1983, this 
volume) also notes that a 1979 earthquake and aftershocks near 
Bath, Maine, may have occurred along known faults. 

Single-channel, high-resolution seismic reflection profiles 
across the Oak Bay fault and other mapped bedrock faults in 
Maine's estuaries and offshore areas were inconclusive about the 

RADIOC ARBON YE ARS BEFORE PRESENT 

4 000 3000 2000 1000 

y • $40x * 1733 

I •Q 83 
Maine 
1 8Smm/yr 

0 

f • 0.65 
NH. M a aa 
3.6mm/yr 

0 

• •o 
0 ••• 0 

0 

. ' 
0 

0 

)' • 198x • 1735 

t • 0 .83 
Ba y OI Fund y 

5 . 1m m/yr 

0 0 

• Maine (Belknap e t al.. 1987 ) 

Bay o f Fundy (Scott and 
Greenberg, 1983) 

o NH, Mass. (Qldato, 1985) 

Figure 4. Sea-level rise as determined from dating basal salt marsh 
deposits. The data from Maine are modified from Belknap and others 
( 1987); those from the Bay of Fundy are modified from Scott and others 
( 1987); and those from New Hampshire and Massachusetts are from 
Oldale ( 1985). The regression lines were fit to the data between 4,500 
BP and 2,000 BP, because that is the time interval in which each of the 
locations had the most complete record. 

possibility of recent movement (Kelley and others, this volume). 
Over the Oak Bay fault , seafloor scarps were recognized in 
Quaternary sediments, but the shallow penetration of the equip
ment did not allow examination of the underlying bedrock 
surface. Along the Oak Bay fault and other fault lines in Maine, 
seismic reflection and side-scan sonar observations indicated 
numerous postglacial slumps. These slumps are confined to 
Holocene and late Pleistocene glaciomarine muddy sediments. 
The ubiquitous presence of natural gas in the mud obscures the 
relationship of the slumps to nearby faults, but the association is 
probably coincidental. Glacial erosion very likely overdeepened 
the fractured rock near the faults and formed relatively steep 
modern submarine slopes, which are experiencing slumps as a 
result of wave action assisted by natural gas generation in 
organic-rich, muddy sediments (Kelley and others, this volume). 

The papers in this volume describing the bedrock geology 
of eastern and southwestern Maine, by Gates and Hussey respec
tively, provide a framework in which to evaluate the neotectonics 
of these widely separated parts of the coastal zone. Although 
there are major differences in the geologic history of the bedrock 
in these areas, both regions are cut by many faults and experience 
frequent low-intensity earthquakes. However, the Passama-
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quoddy Bay area in eastern Maine shows more concentrated 
seismic activity and is believed to be experiencing more rapid 
crustal downwarping than other sections of the coast. Several 
papers included here discuss the evidence for this down warping, 
and Gates found that eastern Maine has been an area of crustal 
instability and subsidence since Silurian time. 

Much of the evidence for neotectonic activity in Maine is 
provided by research on the varying rates of local relative 
sea-level rise. The longest time interval over which data exists 
on the land-sea boundary begins near the end of the Pleistocene. 
Radiocarbon dates on fossils from glaciomarine sediments indi
cate that the late-glacial marine submergence of Maine's coastal 
lowland began shortly after 14,000 BP (during deglaciation) and 
persisted until isostatic uplift brought the coastal zone above sea 
level between about 12,500 and l 1,000 BP (Stuiver and Borns, 
1975; Smith, 1985; Thompson and Borns, 1985b). Precise sur
veying of the elevations of glaciomarine deltas permits the 
construction of a contour map of the upper marine limit, showing 
the general tilt of the crust resulting from postglacial isostatic 
adjustment (Thompson and others, this volume). The marine
limit contours show a pronounced deflection at the Maine/New 
Brunswick border near Eastport, which suggests postglacial 
warping of the crust. Alternatively, glacial ice may have existed 
later in that area and formed deltas at lower elevations. We do 
not yet have any radiocarbon dates from the deltas to help resolve 
the problem; nor do we have nearly enough information on the 
subsequent lowstand shoreline (now drowned by rising sea level) 
to employ deformation of this shoreline as a measure of crustal 
warping. 

Radiocarbon dates from the base of salt marshes in the Gulf 
of Maine yield sea-level rise lines with significantly different 
slopes between Boston, Maine, and the Bay of Fundy (Figure 4 ). 
As discussed above, these differences may result from the dif
fering materials used for dating. Alternatively, a migrating 
peripheral crustal bulge (resulting from the last glaciation) and 
regional variations in thickness of glacial ice may be affecting 
rates of residual isostatic response. 

Studies of coastal Maine archaeological sites have 
generated evidence of differential crustal subsidence over the 
last few thousand years (Sanger and Kellogg, this volume). 
There are marked differences in ages of preserved sites between 
certain sections of the coast. This contrast is most pronounced 
between Penobscot Bay in the midcoastal region and the Pas
samaquoddy Bay area. Early (Archaic) sites are relatively com
mon around Penobscot Bay, but appear to be absent in 
easternmost coastal Maine. This observation suggests a greater 
degree of late Holocene crustal stability in the central coastal 
zone. Analysis of the ages of archaeological sites along eroding 
shorelines also indicates that the rate of crustal subsidence has 
been uneven through time and may be unusually rapid at present 
(Sanger and Kellogg, this volume). 

The relationship of sea level to man-made coastal structures 
built during the eighteenth and nineteenth centuries provides a 
crucial link between the archaeological data and evidence of 
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more recent sea-level change. Although there are many places 
where colonial wharves, salt-marsh dikes, and other structures 
are partly or entirely submerged at high tide, it is difficult to use 
these structures for precise determination of sea-level rise and 
crustal warping. Their ages must be accurately known, as well 
as their original position with respect to sea level. Further 
problems have been introduced in some cases by human distur
bance and compaction of underlying salt-marsh peat. Neverthe
less, coring on the flanks of colonial salt-marsh dykes in eastern 
Maine has shown evidence of sea-level rise averaging about 3 
mm/yr since construction of the dykes by settlers in the early 
1800's (Smith and others, this volume). 

The briefest and most recent set of data on changing sea 
level in the western Gulf of Maine has been obtained from tide 
gauges. Tide-gauge records along the New England coast show 
increasing rates of relative sea-level rise from Boston to Eastport 
(Figure 1; Brown, 1978), and these rates do not correspond 
exactly to trends determined from releveling the first-order level 
network of the United States. 

Tide gauges sum the vertical changes in sea level together 
with changes in the elevation of the land. Thus, there are many 
factors which may lead to apparent sea-level rise, including 
eustatic sea-level change, meteorological effects like barometric 
changes and storm frequency, and oceanographic factors such as 
tidal and current influences, as well as fluctuations in river 
discharge (Chelton and Enfield, 1986). The brief interval of time 
represented by tide-gauge records, in conjunction with the pos
sibly longer period of the other factors influencing tides, does 
not inspire confidence in quantitative comparisons of these 
records even within small regions like the Gulf of Maine (El
Sabh and Murty, 1986). While stations from Boston to Eastport 
show a regular increase in the apparent rate of sea-level rise 
between 1940 and 1980 (Figure I), we must interpret this infor
mation with caution. If the increase in submergence toward 
Eastport is a tectonic signal, it would still be useful to subtract 
the extraneous influences from this record to establish the mag
nitude of crustal downwarping. 

Tyler and Ladd ( 1980) provided geodetic evidence that 
crustal warping is occurring in Maine by comparing the 1942 
and 1966 levelings of the United States first-order level network. 
They concluded that the Eastport area subsided at a rate of 9 
mm/yr with respect to Bangor (in central Maine) in the time 
between surveys, and that if Bangor were assigned an uplift rate 
of 2 mm/yr, the subsidence in eastern Maine was in agreement 
with rates of downwarping in adjacent Canada (Vanicek, 1976). 
Reilinger (1987) questioned Tyler and Ladd's use of the 1942 
survey line, claiming that it has an unusually large root-mean
square error. He concluded that eastern Maine is experiencing 
contemporary subsidence of only 1-2 mm/yr, a value in better 
accord with tide-gauge records. Nevertheless, in considering 
possible errors in the original survey data, Tyler (this volume) 
concludes that the releveling indicates a maximum subsidence 
rate of at least 5 mm/yr. To address this problem, and to provide 
a baseline for measurement of crustal motion, the Global 
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Positioning System (GPS) of satellite receivers was recently 
used to survey a new network of monuments in eastern Maine 
which will be monitored into the future (Lambert, I 988). Tyler 
(this volume) discusses other geodetic work that has been carried 
out to detect both vertical and horizontal neotectonic crustal 
movements. 

CONCLUSIONS 

Any model of neotectonic activity that seeks to explain the 
pattern of seismicity and crustal warping in Maine must account 
for similar changes in the greater Gulf of Maine area. Late 
Quaternary changes in sea level in the region have resulted from 
deglaciation, specifically from changes in eustatic sea level 
together with the isostatic response of the earth's crust and 
mantle to melting of the Laurentide Ice Sheet and collapse of a 
peripheral bulge (Peltier and Andrews, 1976). Vertical crustal 
movement due to the collapse and migration of this proposed 
bulge may be an ongoing process, and perhaps is responsible, at 
least in part, for Maine earthquakes. 

Nonglacial explanations for earthquake activity in northern 
New England have invoked continued seismicity along fault 
zones associated with Mesozoic continental fragmentation, like 
the New England seamount chain (Sbar and Sykes, I 973) and 
the Bay of Fundy rift basin (Rast and others, 1979). The associa
tion of earthquakes with different tectonic terranes has been 
noted as a useful guide for anticipating future earthquakes on a 
regional scale (Wheeler and Bollinger, 1984; Seeber and 
Armbruster, I 988), just as the spatial relationship between seis
micity and lowland areas is potentially useful on a smaller scale 
(Barosh, 1981 ). 

The distribution of Maine earthquakes in time and space is 
becoming well known through historical and in strumental 
records, but -- as indicated above -- the precise causes of these 
earthquakes are poorly understood. Papers in this volume by 
Ebel, Gates, and Lee discuss the horizontal crustal stress 
recorded in Maine, and infer that this stress is a plate-tectonic 
phenomenon that may induce earthquakes along new or preexist
ing fractures. Gates' work on the stratigraphy and structure of 
the Passamaquoddy Bay area provides a plausible explanation 
for the concentration of seismic activity and anomalou s 
downwarping in this area, based on a history of faulting and 
subsidence through much of Phanerozoic time. However, the 
relative importance of plate tectonics versus glacioisostasy (or 
other causes) in triggering earthquakes and crustal movement in 
the Gulf of Maine region continues to be a controversial subject. 

The data presented in this volume indicate that the rate of 
relative sea-level rise varies along the Maine coast, and has been 
uneven through postglacial time. The techniques discussed here 
differ in their ability to accurately measure changes in land and 
sea level, and to determine the chronology of these changes. 
Collectively, however, the results lead us to conclude that rela
tive sea level in Maine is rising more rapidly than can be 

explained by the eustatic sea-level rise of approximately I mm/yr 
(Gornitz and Lebedeff, 1987). Subtracting this global rise from 
the total rise shown by tide-gauges (Figure I) suggests as much 
as 2.2 mm/yr of crustal subsidence in coastal Maine. Leveling 
data analyzed by Tyler (this volume) support the downwarping 
theory, indicating subsidence rates of up to at least 5 mm/yr, but 
much additional geodetic work and analysis of tide-gauge 
records is needed to quantify the amount and distribution of 
crustal motion across Maine. 
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ABSTRACT 

The basement rocks of the Passamaquoddy Bay area are Precambrian volcanics and Lower Ordovician shales, 
perhaps part of the A valonian terrane. They are overlain by a thick section of Silurian-Lower Devonian marine 
volcanic rocks which are bimodal and accumulated in an extensional, subsiding tectonic regime. During the late 
Early Devonian Acadian orogeny, the volcanic pile was folded and faulted and intruded by gabbro, diorite, and 
granite. In the Late Devonian, coarse alluvial red-bed conglomerates and arkoses derived from erosion of the 
underlying volcanic pile and plutonic rocks accumulated in a fault-bounded basin apparently largely confined to 
the Passamaquoddy Bay area. Carboniferous faulting divided the rocks into separate fault blocks of differing 
stratigraphy and structural complexity. Intrusion of Lower Jurassic diabase dikes and development of the Fundian 
fault along the western margin of the Triassic-Jurassic basin beneath the Bay of Fundy marks the end of the bedrock 
record. The bedrock geologic record suggests that the Passamaquoddy Bay area has been one of crustal weakness 
prone to subsidence and faulting at least as far back as the Silurian. A concentration of historical seismicity and an 
abrupt change in magnetic patterns suggesting a crustal discontinuity further imply a weak underlying crust. 

In coastal Maine, postglacial rebound between about 13,000 and 9,000 yr BP was about 100 to 120 meters, ending 
with a stillstand at -65 meters. Since then the coast has submerged, rapidly at first but then slowing to a rate of 1.44 
mm/yr by 5,000 yr BP. In Passamaquoddy Bay the differential downwarp of about 12 meters relative to the coast 
farther west, as shown by the reentrant of glaciomarine delta elevation contours, was largely completed by 5,000 yr 
BP. Limited archaeological and radiocarbon data suggest that from then to perhaps historical times subsidence was 
not much greater than that to the west along the Maine coast. Currently, subsidence appears to be faster than to 
the west, but the data from different sources give conflicting rates. 

Most of the 12 meter differential subsidence of the Passamaquoddy Bay area was the response of a weak crust 
to the large stresses resulting from the large and rapid postglacial warping ending some time prior to 5,000 yr BP, 
augmented perhaps by isostatic disequilibriums due to the contrasting densities of neighboring rock bodies and to 
hydroisostatic loading of the crust beneath the Bay of Fundy as the sea rapidly deepened following the low stillstand. 
Now that rebound warping has ceased, crustal stresses derived from plate motion remain the only identified cause 
of the current downwarping and seismicity besides the unknown gravitational stresses. 

INTRODUCTION 

This paper summarizes the bedrock geology, geophysics, 
and geologic history of the Passamaquoddy Bay area, including 
postglacial rebound, as basic data with which to construct a 

model explaining the history of anomalous warping in that 
region. I have drawn on my detailed and reconnaissance map
ping and that of Canadian geologists for the bedrock geology. 
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Figure I. Geologic map of lhe Passamaquoddy Bay area, Maine and New Brunswick. (Sources: Amos 1963; Ruitenburg 1967, 
1968; Gates 1975; Pajari 1976; McLeod 1976; Donohoe 1978; Ludman 1978) 



Geology and geophysics of the Passamaquoddy Bay area 

Most of the information regarding postglacial warping and seis- PRE-SILURIAN STRATIGRAPHY 
micity has been gleaned from companion papers in this volume, 
to which the reader is referred for additional data and references Precambrian 
to original sources. 

STRATIGRAPHY 

Stratified rocks of Precambrian, Ordovician, Silurian, and 
Devonian age are exposed in the Passamaquoddy Bay area 
(Figure 1). They can be divided on the basis of major hiatuses 
into three groups: pre-Silurian, Silurian and Lower Devonian, 
and Upper Devonian. Figure 2 summarizes the pre-Upper 
Devonian stratigraphy. 

The Coldbrook Formation crops out in the northeastern 
part of Campobello Island (McLeod, 1976). The Belle Isle fault 
separates the Coldbrook Formation from the Lower Silurian 
Quoddy formation except for one small area (see Figure 1) where 
McLeod (I 976) reports that the Quoddy Formation unconfor
mably overlies the Coldbrook. The Coldbrook Formation con
tinues northeastward along the south side of the Belle Isle fault 
to the Saint John, New Brunswick area, where it is unconformab
ly overlain by fossiliferous Cambrian rocks. 
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Figure 2. Correlation of the Silurian-Lower Devonian stratified rocks in the Passamaquoddy Bay area. (Adapted from Gates ( l 975), 
McLeod (1976), and Donohoe ( 1978)). 

The Coldbrook Formation consists of completely recrystall
ized quartz-feldspar-biotite volcanic rocks and thinly-bedded 
fine-grained tuffaceous sediments (McLeod, 1976). The unit has 
undergone two episodes of metamorphism and three phases of 
deformation of probable pre-Silurian age. 

Ordovician 

The Cookson Formation occurs in the Calais-St. Stephen 
area north of Passamaquoddy Bay, and it or its equivalent ex
tends westward to at least Penobscot Bay. Graptolites found on 
Cookson Island in Oak Bay establish a Lower Ordovician age. 
The base of the formation is not exposed, but on Cookson Island 
it is overlain in a complex fault zone by the Silurian Oak Bay 
conglomerate (Ruitenberg, 1967). It is composed of black slate, 
phyllite, quartzite, and minor basalt flows (Ruitenberg, 1967; 
Ludman, 1978). Regionally it is in the greenschist metamorphic 
facies, but in contact metamorphic zones around Acadian plutons 
the rocks are converted to staurolite-andalusite schists. 
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SILURIAN-LOWER DEVONIAN STRATIGRAPHY 

The Silurian-Lower Devonian marine volcanic sequence is 
exposed on both sides of Passamaquoddy Bay in Maine and New 
Brunswick. It is part of the Coastal Volcanic Belt (Boucot, 1968) 
which also crops out to the west in the Mt. Desert Island area, 
Penobscot Bay, and near Newbury, Massachusetts. Bastin and 
Williams (1914) initially mapped the Eastport Quadrangle and 
named the formations there. The following brief descriptions of 
the various formations are organized according to age from 
oldest to youngest. Figure 2 illustrates the probable correlations. 

Lower Silurian 

The Quoddy Formation underlies the Quoddy fault block 
south of the Lubec fault zone in Maine (Gates, 1975) and south 
of the Beaver Harbor fault on Campobello Island (McLeod, 
1976). Graptolites establish an Upper Llandovery age (Gates, 



Geology and geophysics of the Passamaquoddy Bay area 

1975). Neither the top nor the bottom of the formation is 
exposed in Maine, but McLeod (1976) reports that the Quoddy 
Formation unconformably overlies the Coldbrook Formation on 
Campobello. In Maine, the Quoddy Formation is composed 
dominantly of pyrite-bearing and rusty-weathering black 
siltstone and siliceous argillite with feldspathic ash beds. Vol
canic rocks, including basaltic and rhyolitic flows and luff-brec
cias, become predominant to the southwest and upwards in the 
section. On Campobello Island turbidite beds are interlayered 
with volcanic rocks (McLeod, 1976). Rocks similar to those of 
the Quoddy Formation ("Su" in Figure 1) occur inland north of 
Dennysville, Maine, but are too poorly exposed to make 
lithologic correlation certain. 

Middle Silurian 

The Dennys and Edmunds Formations in Maine crop out in 
the large Cobscook anticline north of the Lubec fault zone. A 
diverse marine fauna of brachiopods, gastropods, trilobites, and 
corals suggest Wenlockian and Ludlovian ages respectively 
(Berry and Boucot, 1970; Gates, 1975). The two formations 
consist of a varied suite of marine volcanic rocks including basalt 
flows, rhyolite flows and domes, coarse tuff-breccias, and 
bedded tuffs together with interbedded fossiliferous shales and 
siltstones. The proportion of basaltic rocks is higher in the 
Dennys Formation than in the Edmunds. 

Between the Back Bay and Letang Harbor faults in New 
Brunswick, Donohoe has mapped four units, the Back Bay and 
Gross Point Formation and two unnamed volcanic units, all of 
which have been combined under the Gross Point Formation 
symbol on Figure l because of the small map scale. They contain 
volcanic rocks, both flows and tuffs, interbedded with shales, 
siltstones, and limestone. A very sparse brachiopod fauna sug
gests a Lower to Middle Silurian age (Donohoe, 1978). Com
pared to the Quoddy and Dennys Formations, with which 
Donohoe correlates them, the four units have less volcanic 
material and more detrital and carbonate rocks. It is probable 
that the New Brunswick section is the distal equivalent of the 
Quoddy and Dennys Formations, deposited farther from the 
volcanic source region. 

Upper Silurian 

The rocks assigned to the Upper Silurian on Figure I have 
a distinctive shallow-water brachiopod Salopina fauna that 
Berry and Boucot ( I 970) assign to the Pridoli stage. The first 
appearance of that fauna is shown on Figure 2. In Maine the 
Leighton Formation rests conformably on the Edmunds in the 
Cobscook anticline and is overlain conformably by the Hersey 
Formation. The Leighton Formation is composed of gray shales 
and siltstones with intercalated basalt flows and tuff-breccias, 
and rhyolitic flows and tuff-breccias, all deposited in shallow 

water. The Hersey Formation consists of maroon siltstones and 
shales, locally calcareous, and has a restricted gastropod
pelecypod-ostracode fauna. It probably was deposited in tidal 
flats and lagoons. Ostracodes suggest that the Silurian
Devonian boundary lies within the Hersey Formation (Berdan, 
1971). 

In New Brunswick, on the peninsula south of St. George, 
and on Deer Island between the St. George and Back Bay faults, 
Donohoe ( 1978) has assigned a Pridoli age to the Letete Forma
tion on the basis of a small brachiopod collection. The formation 
is fault-bounded without stratigraphic bottom or top. It consists 
of gray siltstones and shales, some local red siltstones, vol
caniclastic conglomerates, quartz and feldspathic wackes, and 
flows and tuffs (Donohoe, 1978). 

The Wilsons Beach Formation on Campobello Island, be
tween the Belle Isle and Beaver Harbor faults, Jithologically and 
structurally resembles the Letete Formation and has been as
signed an Upper Silurian age (McLeod, 1976). 

Middle to Upper Silurian rocks crop out in the Oak Bay, 
New Brunswick, area north of and intruded by the belt of 
Acadian plutons. On Cookson Island in Oak Bay, the Oak Bay 
Formation, a polymict conglomerate containing round pebbles 
and cobbles, overlies the Ordovician Cookson Formation along 
a complexly faulted, difficult to find, unconformity and is over
lain conformably by the Waweig Formation. The Waweig For
mation has Middle to Upper Silurian brachiopods in its lower 
part and the Salopina brachiopod fauna in its middle and upper 
parts (Pickerill, 1976), and thus is partly equivalent to the 
Leighton, Letete, and Wilsons Beach Formations. It consists 
largely offeldspathic and lithic graywackes, siltstones, and shale 
with some volcaniclastic units near its base. Near contacts with 
the intrusive rocks of the plutonic belt it is metamorphosed to 
mica schists with minor cordierite, andalusite and staurolite 
(Ruitenberg, 1967). 

Lower Devonian 

In Maine, the Eastport Formation is exposed in a fault block 
in the Lubec fault zone and in the east limb of the Cobscook 
anticline. It is cut off to the north of Boyden Lake and up the St. 
Croix River by the Devonian plutonic belt. In New Brunswick, 
the Eastport Formation makes up several islands between the 
Back Bay and Letang Harbor faults. It also crops out north of 
the St. George fault and along the north shore of Passamaquoddy 
Bay northward to the plutonic belt (Pickerill and Pajarie, 1976). 
Its ostracode fauna suggests a Geddinian age (Berdan, 1971 ). 
Throughout the Passamaquoddy Bay area, the Eastport Forma
tion consists of flows and tuff-breccias of basaltic andesite; 
shallow intrusions, flows, domes, and ash-flows of rhyolitic 
composition; and variegated gray, green, and maroon siltstones, 
shales, and pebble conglomerates. It carries a brackish water 
assemblage of ostracodes, pelecypods , gastropods, and lin
guloids. Some of the volcanic rocks are subaerial, and the 

15 



0. Gates 

fossiliferous sedimentary rocks were deposited in tidal flats and 
shallow lagoons. 

The Silurian-Lower Devonian volcanic rocks of the Pas
samaquoddy Bay area are perhaps as much as 7 kilometers thick. 
They thin rapidly to the east and west. The volcanic components 
are dominantly of basaltic and rhyolitic mineralogy and chemi
cal composition, with very few andesitic rocks. Gates and 
Moench ( 1981) have proposed an extensional tectonic regime 
for these bimodal volcanic rocks, perhaps one of normal faulting 
and subsidence permitting the accumulation of a locally thick 
section (Figure 3). In general, the lithologies and fauna of 
successive formations from the Quoddy to the Eastport indicate 
a gradual shallowing of the marine waters in which the rocks 
were deposited as the volcanic pile thickened, ending with 
subaerial and brackish water conditions in the Early Devonian. 

Upper Devonian 

The Perry Formation is exposed around the margins of 
Passamaquoddy Bay and probably underlies most of it. Plant 
fossils indicate an Upper Devonian age. It rests along an angular 
unconformity on the Silurian-Lower Devonian volcanic section 
and on the Acadian plutonic rocks which intrude the latter. It 
consists of maroon alluvial conglomerates, arkosic sandstone, 
red shales, and lacustrine beds (Schluger, 1973). It also contains 
two basalt flows. The Perry Formation is a post-tectonic molasse 
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deposited in a fault basin during uplift following the Acadian 
orogeny. 

INTRUSIVE ROCKS 

On the geologic map (Figure 1) intrusive igneous rocks are 
divided into two groups. Within the Silurian-Lower Devonian 
sequence are numerous dikes, sills, and small irregular plutons 
consisting largely of diabase, including the diabase that intrudes 
the Quoddy Formation south of the Lubec fault zone. These 
intrusions have chemical and mineralogical compositions 
similar to those of the volcanic formations they intrude and are 
thus believed to be about the same age as their host formations. 

A flow-banded bulbous rhyolite, the Letang rhyolite, in
trudes the Gross Point Formation between the Back Bay and 
Letang Harbor faults and has been assigned a Lower Devonian 
age by Donohoe ( 1978). 

The belt of large plutons of gabbroic to granitic rocks inland 
across the head of Passamaquoddy Bay intrude the Silurian
Lower Devonian stratified rocks and represent perhaps in part 
hypabyssal phases of the volcanism as well as the plutonic phase 
of the Acadian orogeny (Amos, 1963; Abbott, 1986). The older 
mafic magmatism included some layered plutons, gabbro, 
diorite, and associated granodiorite together with a few com
ingled diabase-granite dikes and mixed gabbro-granite breccias 
along plutonic contacts (Abbott, 1986). The younger and 
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Figure 3. Schematic cross-section of the Eastport region illustrating the relationship of Silurian faults to the volcanic stratigraphy. 
(Gates and Moench, 1981) 
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probably overlapping granitic rocks consist of a varied suite of 
hornblende granophyre and biotite granite (Abbott, 1986). 

In New Brunswick, the corresponding mafic rocks and later 
felsic intrusions have been named the Bocabec complex (Pajarie, 
1976). The mafic rocks consist largely of coarse ophitic gabbro 
plus a few local lenses of layered gabbro with cumulate textures. 
The fel sic intrusions include hornblende and biotite granodiorite, 
rapakivi granite, and red biotite granite (Pajarie, 1976). Hybrid 
intermediate rocks along some of the gabbro-granitic rock con
tacts reflect chemical and mineralogical reactions between the 
intrusive granitic rocks and the host gabbro. The Bocabec com
plex is intruded by the St. George pluton which extends eastward 
from Digdeguash Lake on Figure I. It is a coarse-grained granite 
with phases of porphyritic granite, megacrystic granite, and 
aplite (Pajarie, 1976). 

Compilations of isotopic dates by Donohoe and Pajarie 
(1973) and Pajarie (1976) give ages of 393 ± 6 Ma for the Red 
Beach granite near Red Beach in Maine and 396 ± 20 Ma for 
the felsic rocks of the Bocabec complex. The St. George pluton, 
however, may be of Late Devonian to Early Mississippian age 
(Pajarie, 1976). 

The youngest intrusion in the Passamaquoddy Bay area is a 
diabase dike that strikes east-northeast, crops out along the shore 
on both sides of the St. Croix River north of Robbinston and St. 
Andrews, and has yielded a K-Ar age of 189 ± 8 Ma (Early 
Jurassic) (Stringer and Burke, 1985, p. 8). 

STRUCTURE 

Faulting 

Five episodes of faulting -- Silurian, Middle Devonian 
(Acadian), Late Devonian, Carboniferous, and Triassic -- have 
been identified in the Eastport 2-degree quadrangle (Gates, 
1978, 1982), although not every fault has sufficient criteria for 
establishing its age. On the geologic map (Figure 1), the arcuate 
north to northeast-trending fault north and west of Dennysville, 
which separates the Edmunds Formation from the Silurian un
differentiated (Su) unit, may be contemporaneous or nearly so 
with deposition of those units. 

Faults that cut Acadian folds but in tum are cut by Acadian 
plutons, such as those that form a fan-like pattern cutting the 
Cobscook anticline, are assigned a late Early Devonian age. 
Some of the northeast-striking faults that drop the Perry Forma
tion down against the Eastport Formation are bordered by 
wedges of coarse boulder conglomerate extending into the Perry 
Formation, the clasts of which are of the rocks on the upthrown 
side. Such faults probably formed during development of the 
Perry fault basin during the Late Devonian. 

Faults that displace Acadian plutons or cut off the Lower 
Devonian Perry faults are probably of Carboniferous age. The 
most conspicuous Carboniferous faults are the vertical or steeply 

dipping, northeast-striking ones such as the St. George, Back 
Bay, Letang Harbor, Beaver Harbor, and Belle Isle faults. They 
displace the Perry Formation, cut Acadian plutons to the north
east in New Brunswick, or bound Carboniferous fault basins in 
New Brunswick (Potter and others, 1979). Lack of post-Car
boniferous rocks along the faults prevents determination of 
post-Carboniferous fault movement, although the parallelism of 
Triassic faults bordering the Bay of Fundy suggests the pos
si bi Ii ty of such movement on the Carboniferous faults. Detailed 
study of small structures along some of the faults in the Passama
quoddy Bay area suggests that the latest movement was dip-slip 
(Donohoe, 1978). 

The Lubec fault belongs to this northeast-striking regional 
Carboniferous fault system, but its correlation with companion 
faults in New Brunswick is uncertain. Donohoe ( 1978) favors 
correlation with the St. George fault offset along the Oak Bay 
fault. On the other hand, correlation with the Beaver Harbor or 
Belle Isle fault maintains continuity of the block of Quoddy 
Formation south of the fault. 

The strike of the Oak Bay fault is normal to the regional 
structural grain and the regional Carboniferous faults. The Oak 
Bay fault appears to have determined the trend of the St. Croix 
River and the west side of Passamaquoddy Bay. It is exposed 
only on Cookson Island and the adjacent shores of Oak Bay, 
where it is a zone of sub-parallel faults nearly a kilometer wide. 
It is likely that the fault's continuation beneath Passamaquoddy 
Bay is also a fault zone rather than the single fault schematically 
mapped. The fault zone offsets the Oak Bay Formation, in
trusive contacts of the plutonic belt, a lava flow in the Perry 
Formation, and the Lubec fault and its probable extension, the 
Beaver Harbor fault. The Letete Formation on Deer Island 
terminates at the fault zone and has not been identified to the 
west. Map-view displacement of the fault zone is left lateral, but 
a descriptive geometric construction suggests a large vertical 
component of net slip. If the average dip of 60° on the base of 
the Oak Bay Formation on each side of the fault zone is extended 
downwards in the plane of the fault zone to the intersection with 
the contact between the Waweig Formation and the plutonic belt 
(a contact that appears to be vertical according to its topographic 
trace), the net slip can be determined. This construction gives a 
net slip plunging about 45° to the north-northwest in the vertical 
fault plane, with a horizontal slip component of about 2 km and 
a vertical component of about 2 km , east side down. 

Most of the displacement on the Oak Bay fault zone oc
curred before emplacement of the Lower Jurassic dike and is thus 
of Carboniferous to Early Jurassic age. Seismic profiles between 
Eastport and Deer Island across the strike of the Oak Bay fault 
show well-bedded unfaulted sediments, indicating no postgla
cial displacement (Kelley, 1986, personal communications). 

The Fundian fault (Johnson, 1925) paralle ls the shoreline 
beneath the Bay of Fundy. It forms the northwest margin of the 
Late Triassic to Early Jurassic fault basin that underlies the Bay 
of Fundy (Ballard and Uchupi, 1975) and is the youngest fault 
identified in the Passamaquoddy Bay area. 
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Folding 

The regional Carboniferous faults just described divide the 
stratified rocks of the Passamaquoddy Bay area into several fault 
blocks each containing its own sty le of folding and in some cases 
distinctive stratigraphy (Mcleod, 1976). In the following 
description of folding, the designations Ft, F2, etc. apply only to 
the sequence of folding within a fault block, not regionally. 

North of the plutonic belt and inland from the area shown 
in Figure I, the Ordovician Cookson and the Silurian Waweig 
Formations have upright, east-northeast striking, gently plung
ing F1 folds with a slaty axial-plane cleavage. These in tum have 
been folded by recumbent F2 folds that have gently plunging 
hinge lines and gently dipping axial-plane cleavage (Ruitenberg, 
1968; Ruitenberg and Ludman, I 978). Steeply plunging S-Z 
shaped F3 folds occur near faults and contacts with granitic 
plutons. F4 folds are kink bands. F1 and F2 folds are attributed 
to the Acadian orogeny; F3 and F4 folds may be Devonian to 
Carboniferous (Ruitenberg and Ludman, 1978). Pre-Silurian 
deformation of the Cookson Formation has been identified on 
Cookson Island and the shores of Oak Bay (Stringer and Burke, 
1985). 

South of the plutonic belt and west of the Oak Bay fault, the 
Cobscook anticline, an Ft structure containing the Dennys, 
Edmunds, Leighton, Hersey, and Eastport Formations, is the 
major structure (Gates, 1975). It is a broad open fold plunging 
to the east. Dips on the south limb near the Lubec fault zone are 
vertical to overturned, and a very strong cleavage accompanied 
by isoclinal F2 folds with gently plunging hinge lines parallels 
the Lubec fault wne and occurs within it. The faulting appears 
to have steepened and sheared out the south limb, presumably 
during the Carboniferous. The east limb dips from 20° to 60° 
east-northeast and strikes into the plutonic belt which intrudes 
it. F2 folds and accompanying local cleavage occur along some 
of the faults that cut the anticline. A regional northeast-striking 
and steeply dipping cleavage cuts obliquely across the Cobscook 
anticline and parallels the Lubec fault zone, suggesting associa
tion with the Carboniferous regional northeast-trending faults. 

The east limb of the Cobscook anticline strikes almost at a 
right angle to the east-northeast strike of the folding in the 
Cookson and Waweig Formations north of the plutonic belt. 
There is also a marked contrast in the style and complexity of 
the folding north and south of the plutonic belt. Perhaps a major 
regional fault separating two regional structural styles guided the 
ascending magmas of the plutonic belt. 

A single open folding, like that of the Cobscook anticline 
and of the Eastport Formation of Passamaquoddy Bay, also 
occurs in the block of Quoddy Formation south of the Lubec fault 
zone and the Beaver Harbor fault of Campobello Island (Gates, 
1975; McLeod, 1976), and is accompanied locally by an axial
plane cleavage and by minor folds and strong shearing in the 
Lubec fault zone. 

In contrast to the relatively simple open folding of the 
syncline of Passamaquoddy Bay, the Cobscook anticline, and the 
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Quoddy fault block, the rocks of the Letete Formation in the St. 
George-Back Bay fault block and of the Gross Point Formation 
between the Back Bay and Letang Harbor faults have a history 
of multiple deformation. Ruitenberg (1968), McLeod (1976), 
and Donohoe (1978) have all commented on this contrast. 
Donohoe ( 1978) has mapped upright isoclinal F 1 folds plunging 
steeply to the northeast with an accompanying steeply dipping 
axial plane cleavage marked by metamorphic chlorite, mus
covite, and biotite and a northeast plunging lineation of elon
gated clasts and granulated minerals. F2 folds are also upright 
with hinge lines plunging northeast to southwest and a local 
crenulation cleavage. F3 and F4 are successive episodes of 
kink-banding. Donohoe attributes all four phases of folding to 
the Acadian orogeny and has not identified any penetrative 
deformation associated with the major Carboniferous faults that 
bound the blocks. No correlation between F1 and F2 folding of 
the Cookson and Waweig Formations and those of the Letete and 
Gross Point Formations can be made because the configurations 
and plunges of the fold systems are not the same. 

The Wilsons Beach Formation in the Beaver Harbor-Belle 
Isle Fault block forms an overturned gently plunging F l syncline 
with minor tight folds on the limbs and an axial-plane cleavage 
marked by metamorphic muscovite and granulated minerals 
(McLeod, 1976). This was followed by an F2 crenulation of the 
cleavage and an episode of kink-banding. 

These contrasts in structure from fault block to fault block 
and the confinement of certain stratigraphic units to certain fault 
blocks suggest that the fundamental regional structure and 
stratigraphy of the Passamaquoddy Bay area has not yet been 
determined. Much more work clearly needs to be done. 
Meanwhile, I hazard the very tentative working hypothesis that 
the Passamaquoddy Bay area is underlain by two plates of a 
thrust (Acadian?), one above the other, each with its own stratig
raphy, one with a relatively simple Acadian deformation plan, 
the other with a complex one. One or the other of these plates 
has been brought to the present level of exposure in the different 
Carboniferous fault blocks depending on the amount and sense 
of vertical displacement on the bounding faults. 

The Silurian-Lower Devonian stratified rocks of the 
Cobscook anticline and the syncline of Passamaquoddy Bay are 
intruded by the Acadian plutonic belt and overlain along an 
angular unconformity by the Upper Devonian Perry Formation 
whose conglomerates carry clasts of the underlying volcanic 
rocks and granitic rocks of the plutonic belt. The folding is thus 
a part of the Acadian orogeny. 

GEOPHYSICS 

Three geophysical anomalies set the Passamaquoddy Bay 
area apart from surrounding coastal Maine and New Brunswick. 
First, the area has a concentration of small earthquakes which 
can be traced back through the historical record and are now 
more accurately recorded instrumentally (Figure 4). In his dis
cussion of seismicity in Maine, Ebel (this volume) notes that only 
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in the Passamaquoddy Bay area where earthquakes are spread 
throughout the subsiding area is there an obvious relation be
tween seismicity and geologic or tectonic structures, although 
no direct relationship between specific epicenters and known 
faults is apparent. The concentration of continuing seismicity 
indicates that the crust beneath Passamaquoddy Bay and vicinity 
is not strong enough to accumulate much strain. 

The Bouguer gravity anomaly map (Figure 5) shows a 
northwest-trending embayment of relatively flat gravity ranging 
from slightly positive to slightly negative beneath Passamaquod
dy Bay and adjacent Maine. The embayment corresponds to the 
thick accumulation of the Silurian-Lower Devonian volcanic 
rocks and to the distribution of the Perry Formation. The granitic 
and gabbro-diorite plutons that underlie the gravity embayment 
south and southwest of Calais have little gravitational expression 
and hence are probably relatively thin. The large negative 
anomalies to the north and west of the gravity embayment 
coincide in part with surface exposures of granitic plutons, which 
presumably extend to considerable depth. 

The steep gravity gradient, which becomes increasingly 
positive to the southeast and extends from Campobello Island 
southwestward beneath the Quoddy fault block, coincides with 
large masses of diabase and gabbro that intrude and presumably 
underlie the Quoddy Formation. This steep gradient continues 
175 km to the southwest, diverging from the coastline. Southeast 
of Mt. Desert Island, it is 25 km offshore in the Gulf of Maine. 
Kane and others ( 1972) conclude that it marks a major boundary 
between two crustal blocks, one of comparatively dense 
Precambrian rock beneath the Gulf of Maine, the other of less 
dense Paleozoic rocks overlying the Precambrian basement in 
coastal Maine. Superimposed on this regional gravity gradient 
and within the crustal blocks are numerous large plutons of 
gabbroic and granitic rocks which show as large closed or partly 
closed positive or negative anomalies respectively. The volume 
of gabbro and diabase intruding and probably underlying the 
Quoddy Formation may have been emplaced along this crustal 
boundary, thus dating the boundary as at least Early Silurian in 
age. 
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Figure 4. Epicenters of eanhquakes from 1850 to 1986, Passamaquoddy Bay area, Maine and New Brunswick. (compiled from 
Rand (1977), Chiburis (1981 ), Johnston and Foley (1987), and Seismicity of the Nonheastem United States, various editors, 
1981-1986, Nonheastem U.S. Seismic Network, Bulletins 22-37) 
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Figure 5. Bouguer gravity anomaly map of coastal Maine and New Brunswick adjacent to Passamaquoddy Bay. (Compiled from 
Kane and others (1972) and Weng (1981 )) 

The magnetic anomaly map (Figure 6) shows a discon
tinuity between a linear pattern in New Brunswick, especially on 
Deer and Campobello Islands, and a flat pattern in Maine just 
across Passamaquoddy Bay. The linear pattern of magnetic 
highs corresponds to the late Precambrian Coldbrook Formation 
of volcanic rocks on Campobello Island, on Deer Island 
presumably underlying the Silurian rocks, and on the Kingston 
peninsula north of Saint John. The more diffuse linear pattern 
of magnetic lows northeast of Saint John corresponds to the 
Precambrian Greenhead Group of quartzites, limestones, and 
gneisses in the Saint John area. The linearity of magnetic values 
abruptly terminates at about the location of the Oak Bay fault. 
The Greenhead linear pattern appears again on the east side of 
Grand Manan Island where rocks correlated with the Greenhead 
are faulted against Triassic rocks on the west side of the island 
(Potter and others, 1979). Kane and others ( 1972) trace the linear 
pattern of the Precambrian rocks to the southwest of Grand 
Manan beneath the Gulf of Maine. 

If the strike of the Greenhead rocks and their magnetic 
signature are followed southwestward they appear to be offset 
10 to 15 km eastward to Grand Manan. Presumably the parallel 
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pattern of the Coldbrook rocks is also offset but obscured by the 
overlying Triassic rocks on Grand Manan. This offset is far 
greater than that ascribed to the Oak Bay fault. No correspond
ing displacement can be found in the pattern of Ordovician, 
Silurian and Devonian sedimentary rocks inland from Calais and 
Passamaquoddy Bay on the maps of Ruittenberg and Ludman 
( 1978), and Potter and others ( 1979). If the offset of magnetic 
patterns and corresponding rocks does represent a northwest 
trending discontinuity in the crust, it must date back to the late 
Precambrian or Cambrian. 

GEOLOGIC HISTORY 

The late Precambrian and early Paleozoic history of the 
Passamaquoddy Bay area is tied to that of the Avalonian terrane. 
In the Saint John area (Figure 6), the Precambrian Coldbrook 
Formation and the overlying Saint John Group of fossiliferous 
Cambrian to Lower Ordovician sandstones and shales (Alcock, 
1940) have been assigned to the Avalonian terrane on the basis 
of similar Precambrian volcanic rocks and fossiliferous 
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Cambrian rocks on the Avalon Peninsula of Newfoundland 
(Williams, 1978; Williams and Hatcher, 1983). The graptolite
bearing Cookson Formation underlying the Oak Bay con
glomerate on Cookson Island correlates in age with Lower 
Ordovician graptol itic shales at the top of the Saint John Group, 
but whether the Cookson Formation belongs to the same geologi
cal tract as the Saint John Group is uncertain (Fyffe and Pickerill, 
1986; Ludman, 1986b). Whether Avalonia accreted to North 
America during the Devonian Acadian orogeny or prior to the 
Silurian is controversial (for example Wilson, 1966; Dewey and 
Kidd, 1974; Osberg, 1978; Gates and Moench, 1981; Williams 
and Hatcher, 1983; Ludman, l 986a). 

During the Silurian and Early Devonian , a thick pile of 
marine volcanic rocks accumulated in a subsiding, extensional 
tectonic regime. The volcanic rocks probably rest unconformab
ly on a composite basement of Avalonian terrane and perhaps 
other terranes (Williams and Hatcher, 1983), but can be con
sidered part of Avalonia only if Avalonia accreted to North 
America during the Devonian Acadian orogeny or later. Lud
man (I 986a) marshals evidence that Avalonia, and perhaps other 
exotic terranes, joined North America prior to the Silurian period 
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and the suture or sutures were subsequently buried beneath the 
Silurian and Devonian sedimentary rocks of the central Maine 
flysch belt and the Fredericton trough. The Silurian-Lower 
Devonian volcanic pile thus may be autochthonous, deposited 
on an already docked Avalonian basement and contiguous with 
the elastic rocks of the same age in central Maine and south
western New Brunswick. 

Acadian deformation, not well understood, produced folds 
of differing complexity, attitude, and degree of foliation. In
trusion of Devonian mafic to felsic magmas was largely confined 
to a wide linear plutonic belt. During the Late Devonian, a local 
fault basin filled with coarse alluvial sediments derived from 
erosion of the volcanic pile and Acadian plutonic rocks. 
Regional northeast-striking faults and the north-northwest strik
ing Oak Bay fault of Carboniferous age divided the rocks of the 
Passamaquoddy Bay area into discrete structural blocks having 
different stratigraphies and structural styles. A Lower Jurassic 
diabase dike is the youngest pre-Quaternary rock in the area. 
The last recorded fault , the Fundian, delineated the northwestern 
margin of the Late Triassic to Early Jurassic fault basin now 
largely beneath the Bay of Fundy and the Gulf of Maine. 
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Figure 6. Aeromagnetic anomaly map of coastal Maine and New Brunswick adjacent to Passamaquoddy Bay. (Adapted from Kane 
and others (l 972)) 
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The final chapter in the geologic history of Passamaquoddy 
Bay and coastal Maine involves large changes in the direction, 
magnitude, and rate of crustal rebound following withdrawal of 
the Pleistocene ice sheets. Stuiver and Borns ( 1975) bracket 
submergence by the Presumpscot sea and its withdrawal to about 
the present coast within a 1,000 year period beginning about 
13,000 yr BP. The uplift of glaciomarine deltas since maximum 
extent of the Presumpscot sea (Thompson and others, this 
volume) indicates total emergence along the outer Maine coast 
of about 61 meters. The sea, however, originally withdrew to an 
apparent stillstand at about -65 meters based on depth profiles 
and seismic lines in the adjacentGulfofMaine (Schnitker, 1974; 
Kelley and others, this volume; Belknap and others, this volume) 
and dated uncertainly at about 9,000 yr BP. Thus within about 
4,000 years, the present coastline area underwent an emergence 
of perhaps as much as 120 meters depending on the elevation of 
the hypothetical offshore isobase, a rate of 25-30 mm/yr. Be
tween the maximum emergence and the beginning of coastal salt 
marsh data at about 5,000 yr BP at an elevation of -5.5 meters 
the outer coast submerged about 60 meters in about 4 ,000 years, 
a rate of 15 mm/yr averaged over a curve that progressively 
flattens with time to join that of the salt marsh data (Belknap and 
others, this volume). From 5,000 to 1,500 yr BP, salt marsh 
studies (Belknap and others, this volume) show a relatively 
constant submergence rate of 1.44 mm/yr with little evidence of 
differential crustal warping between Addison and Wells, about 
15 km north of the border with New Hampshire. After 1,500 yr 
BP, the data are more scattered but Belkap and coauthors postu
late a rate of .5 mm/yr. 

There are much less data with which to reconstruct the 
history of sea level changes for Passamaquoddy Bay. Depths on 
the navigation chart show that at the -65 meter stillstand, several 
narrow lakes probably occupied the deep channels between 
Eastport and Deer Island and between Deer Island and Cam
pobello. The subsequent subsidence history rests on evidence 
from Indian clam shell middens along the present shore and of 
radiocarbon dates from Digdeguash Harbor. Sanger (1985, this 
volume) describes Indian middens which provide artifact and 
radiocarbon dates for occupation from about 2,500-2,000 yr BP 
to historical times. Sanger points out that their preservation 
suggests a fairly stable sea level for almost 2,000 years. He 
notes, however, that the absence of older middens, common in 
the Penobscot Bay area, suggests that greater submergence than 
that farther west may have drowned or eroded older middens in 
Passamaquoddy Bay prior to 2,500 yr BP. He also comments on 
the current rapid erosion of existing middens, indicating a recent 
rise of sea level in Passamaquoddy Bay. 

Cores taken from the bottom of Digdeguash Harbor contain 
clam shells that yield radiocarbon dates from about 5,300 to 
2,700 yr BP (Sanger, 1985). Although sampling and coring 
problems preclude use of these cores for detailed quantitative 
analysis of sea level rise, the clams do prove that the sea occupied 
Digdeguash Harbor at least 5,000 radiocarbon years ago. 
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Straight-line extrapolation backwards of some proposed 
subsidence rates permit a reasonable guess of the rate of sub
sidence for Passamaquoddy Bay. The 1.44 -0.5 mm/yr curve of 
Belknap and others (this volume) for coastal Maine between 
Addison and Wells puts sea level 1 meter lower 2,000 years ago 
at the midden sites and 5 meters lower 5,000 years ago in 
Digdeguash Harbor. These figures seem reasonable. The 3.2 
mm/yr current sea level rise rate from the Eastport tide gauge 
places sea level 6.4 meters lower at the middens 2,000 years ago, 
drying up present and likely past clam flats. At Digdeguash 
Harbor 5,000 years ago sea level would have been 16 meters 
lower, completely draining the harbor. Thus, the subsidence rate 
for Passamaquoddy Bay averaged over the last 5,000 years 
appears to be closer to that for the Maine coast from Addison to 
Wells than to the current tide gauge rate at Eastport. 

Present rates of subsidence in the Eastport area are described 
by Anderson and others (1984), Reilinger (1987), and by accom
panying papers in this volume. Rates of subsidence derived by 
using different methods are not in agreement, and there is some 
evidence for very short term fluctuations. Nevertheless, in 
balance, subsidence seems to be faster than along the coast of 
Maine to the west and in New Brunswick to the east (Vanicek, 
1976). Survival of the middens for 2,000 years coupled with 
their present rapid erosion suggests that the downwarping has 
increased recently, perhaps within the last few centuries. 

The glaciomarine deltas (Thompson and others, this 
volume) provide the long term record of postglacial crustal 
rebound warping in Maine. Extension of the delta elevation 
contours farther into New Brunswick would strengthen geologic 
interpretation of the reentrant in the Passamaquoddy Bay area 
by confirming its areal extent and allowing comparison with the 
long term crustal warping record in coastal New Brunswick. The 
reentrant as presently drawn suggests a crustal downwarping, or 
lag in uplift, of at least 12 meters compared to the rebound record 
along coastal Maine to the west. Most of this differential 
downwarping must have developed prior to 5,000 yr BP if the 
limited data from middens and Digdeguash Harbor are anywhere 
near the mark. 

The history of crustal warping in the Passamaquoddy Bay 
region relative to that of coastal Maine to the west thus can be 
divided into three chapters: I) differential down warping re la ti ve 
to most of coastal Maine of at least 12 meters prior to 5,000 yr 
BP as suggested by the delta elevations; 2) a period of relative 
stability from then to perhaps historical times implied by the 
archaeology and the salt marsh data; and 3) a recent increase of 
uncertain magnitude in the rate of subsidence indicated by 
modem data. 

CONCLUSIONS 

A weak fractured crust is responsible for localizing past and 
present differential warping and seismicity in the Passamaquod
dy Bay region. Part of the evidence is historical, beginning 
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perhaps with the northwest-trending Precambrian to Cambrian 
crustal discontinuity vaguely suggested by the offset of the linear 
magnetic patterns. The thickness of the Silurian-Lower 
Devonian volcanic pile is greater in the Eastport region than 
elsewhere in the coastal volcanic belt, implying greater local 
subsidence. The development of the Upper Devonian Perry fault 
basin and its subsequent survival from erosion suggest a continu
ing local tendency towards subsidence. The numerous faults of 
many ages show repeated crustal fracturing; and the concentra
tion of present seismicity demonstrates that the local crust is not 
sufficiently strong to sustain much strain without movement 
along fractures. 

A rough coincidence in time between the changing mag
nitudes and rates of the crustal warping history of coastal Maine 
as a whole and that of Passamaquoddy Bay suggests that strains 
due to crustal rebound acting on the locally weak crust are 
responsible for most of the 12 meter differential subsidence 
indicated by the reentrant in glaciomarine delta elevation con
tours. Judging from the midden and Digdeguash Harbor data 
most of that differential subsidence occurred sometime prior to 
5,000 yr BP when crustal warping of large magnitudes was 
proceeding at high rates along coastal Maine and presumably 
New Brunswick. By 5,000 yr BP, submergence of coastal Maine 
had slowed to 1.44 mm/yr; and from then on differential submer
gence of the Passamaquoddy Bay area appears to have been 
slight, at least until recently. 

The large and rapid rebound and the following rapid sub
mergence of coastal Maine ending sometime prior to beginning 
of the salt marsh data must have imposed much stress on the 
regional crust. Local isostatic disequilibriums due to large con
trasts in the density of the rock bodies adjacent to Passamaquod
dy Bay, coupled with hydroisostatic loading of the crust beneath 
the Bay of Fundy and the Gulf of Maine as the sea deepened 
rapidly early in the submergence following the -65 meter 
stillstand, must have imposed additional stresses. 

The straight delta elevation contours in coastal Maine indi
cate that the crust of the coastal region reacted to the stresses by 
uniform warping; but the weak crust of the Passamaquoddy Bay 
area failed by differential downwarping. Rapid postglacial crus
tal warping had run its course by 5,000 yr BP as indicated by the 
slow submergence recorded in the salt marsh data. Kane and 
others ( 1972), citing the data of Yell in ( L 968), concluded that the 
slightly positive free air gravity anomaly over coastal Maine and 
the Gulf of Maine indicates that the crustal blocks of different 
densities beneath the two regions are now in isostatic equi
librium. 

This model implies that the crustal stresses which produced 
most of the l 2 meter differential warping need not, and probably 
are not, the same as those powering the present subsidence and 
seismicity in the Passamaquoddy Bay area. The only connection 
may be the area of crustal weakness (due to repeated fracturing 
perhaps since the Cambrian) beneath the Bay common to both 
warping regimes. Now that postglacial rebound has ceased, the 
only identified remaining stresses in the crust are those that 

throughout the northeastern United States have measured orien
tations and magnitudes consistent with derivation from motion 
of the North American plate (Ebel, this volume; Lee, this 
volume) plus local gravitational ones. Presumably these stresses 
are constant through time but were once masked or overridden 
by the larger stresses of postglacial rebound. The postulated 
recent increase in subsidence and the possible recent short-term 
fluctuations in the Eastport area might reflect an underlying crust 
which, though fractured, has sufficient cohesion along the frac
tures to accumulate strains produced over thousands of years by 
the present regional stress field up to some low threshold amount. 
The crust then fails along fractures, releasing the strain energy 
by subsidence and seismicity over a period of time perhaps 
measured within a century or less. 

The above very tentative model explaining the past and 
present differential downwarping of the Passamaquoddy Bay 
area rests on a weak data base. Needed to strengthen (or 
demolish) the model are extension of the glaciomarine delta 
elevation data farther into New Brunswick, acquisitions of more 
definitive quantitative data on the warping history of Passama
quoddy Bay and farther east in New Brunswick, and resolution 
of the conflicting data on the rate of the current subsidence in the 
Eastport area. 

ACKNOWLEDGMENTS 

I am grateful to the Maine Geological Survey for its stead
fast support over many years of my mapping in the Eastport
Machias area. 

REFERENCES CITED 

Abbott, R. N., Jr. , 1986. Preliminary report on the bedrock geology of the Devils 
Head, Robbinston and Red Beach 7.5-minute Quadrangles, Maine: 
Augusta, Maine. Maine Geological Survey, Open-File Report 86-73, 
36 p. 

Alcock, F. J ., 1940, Geology of the Saint John Region, New Brunswick : 
Geological Survey of Canada, Memoir 2 16. 

Amos, D. H., 1963, Petrology and age of plutonic rocks. extreme southeastern 
Maine: Geological Society of America Bulletin, v. 74, p. 169-194. 

Anderson, R. S., and Borns. H. W., Jr., 1983, Evidence for late Holocene 
sea-level rise in New England: A summary of available data derived from 
salt marshes and other organic materials: Augusta, Maine, Maine 
Geological Survey. Open-File Report 83-8, 15 p. 

Anderson, W. A., Kelley. J. T., Thompson, W. B .. Borns, H. W., Jr., Sanger. D .. 
Smith, D. C., Tyler, D. A., Anderson, R. S., Bridges, A. E., Crossen. K . 
J., Ladd, J. W., Andersen B. G., and Lee, F. T .. 1984, Crustal warping in 
coastal Maine: Geology, v. 12, p. 677-680. 

Ballard, R. D., and Uchupi, E., 1975, Triassic rift s tructure in Gulf of Maine: 
American Association of Petroleum Geologists Bulletin, v. 59, p. I 041-
1072. 

Bastin, E. S., and Williams, H. S .• 1914, Description of the Eastport Quadrangle, 
Maine: U.S. Geological Survey, Folio 192, 15 p. 

Belknap, D. F., Shipp, R. C., Stuckenrath, R., Kelley, J. T .. and Borns, H. W., 
Jr.. this volume. Holocene sea-level change in coastal Maine. 

Berdan, J. M., I 971, Silurian to Early Devonian ostracodes o f European aspect 
from the Eastport Quadrangle, Maine: Geological Society of America, 
Abstracts with Programs, v. 3, no. I, p. 18. 

23 



0. Gates 

Berry, W. B. N., and Boucot, A. J., 1970, Correlation of the North American 
Silurian rocks: Geological Society of America, Special Paper 102. 

Boucot, A. F., 1968, Silurian and Devonian of the Northern Appalachians, in 
Zen, E., and others, eds., Studies of Appalachian geology, Northern and 
Maritime: New York, Wiley-lnterscience, p. 83-94. 

Chiburis, E. F., 1981, Seismicity, recurrence rates, and regionalization of the 
northeastern United States and adjacent southeastern Canada: Weston, 
Massachusetts, Weston Observatory, Boston College, NUREG/CR 
2309. 76 p. 

Dewey, J. F., and Kidd, W. S. F., 1974, Continental collisions in the Appalachian
Caledonian orogenic belt: variations related to complete and incomplete 
suturing: Geology, v. 2, p. 543-546. 

Donohoe, H. V ., Jr., 1978, Analysis of structures in the St. George area, Charlotte 
County. New Brunswick (Ph.D. thesis): Fredericton, University of New 
Brunswick. 

Donohoe, H. V., Jr., and Pajarie, G., 1973, The age of the Acadian orogeny in 
Maine - New Brunswick: Maritime Sediments, v. 9, p. 78-82. 

Ebel, J.E., this volume. The seismicity of Maine. 
Fyffe, L., and Pickerill. R., 1986, Comment on "Timing of terrane accretion in 

eastern and east-central Maine": Geology, v. 14, p. 1051 -1052. 
Gates, 0., 1975, Geologic map and cross-sections of the Eastport Quadrangle, 

Washington County, Maine: Augusta, Maine, Maine Geological Survey, 
Map Series GM-3. 

Gates, 0., 1978, Faulting and seismicity in the Machias-Eastport area, Maine: 
Geological Society of America, Abstracts with Programs, v. JO, no. 2, p. 
43. 

Gates, 0 .. 1982, Brittle fractures in the Eastport 2-degree sheet, Maine: Augusta, 
Maine, Maine Geological Survey, Open-File Report 82-29, 15 p. 

Gates, 0 ., and Moench, R.H. , 1981, Bimodal Silurian and Lower Devonian 
volcanic rock assemblages in the Machias-Eastport area, Maine: U.S. 
Geological Survey, Professional Paper 1184, 32 p. 

Johnson, D. W., 1925, The New England-Acadian shoreline: New York, John 
Wiley& Sons. 

Johnston, R. A., and Foley, M. E., 1987, Earthquakes in Maine, October 1975-
December 1986: Augusta, Maine, Maine Geological Survey, Open-File 
Map 87-25. 

Kane, M. F., Yellin, M. J., Bell, K. G., and Zietz, I., 1972, Gravity and magnetic 
evidence of lithology and structure in the Gulf of Maine region: U.S. 
Geological Survey, Professional Paper 726-B, p. B l -B22. 

Kelley, J. T., Belknap, D. F., Shipp, R. C., and Miller, S., this volume, An 
investigation of neotectonic activity in coastal Maine by seismic reflec
tion methods. 

Lee, F. T., this volume, Geomechanical aspects of subsidence in Eastern Maine. 
Ludman, A., 1978, Stratigraphy, structure, and progressive metamorphism of 

Lower Paleozoic rocks in the Calais area, southeastern Maine, in Lud
man, A., ed., Guidebook for field trips in southeastern Maine and south
western New Brunswick: Flushing, New York, Queens College Press, 
Geological Bulletin No. 6, p. 78-101. 

Ludman, A., I 986a, Timing of terrane accretion in eastern and east-central 
Maine: Geology, v. 14, p. 411-414. 

Ludman, A., I 986b, reply to comment on "Timing of terrane accretion in eastern 
and east-<:entral Maine": Geology, v. 14, p. 1052. 

McLeod, M. J., 1976, The geology of Campobello Island, southwestern New 
Brunswick (M.S. thesis): Fredericton, University of New Brunswick. 

Osberg, P. H., 1978, Synthesis of the Geology of the Northern Appalachians: 
Geological Survey of Canada, Paper 78- 13, p. 137-147. 

Pajari, G., 1976, ed., Field guide to the geology and plutonic rocks of south
western New Brunswick and the Penobscot Bay area, Maine: lntema
tional Geological Correlation Program, Canadian Plutonics Study Group, 
University of New Brunswick, Fredericton. 

24 

Pickerill, R. K., 1976, Significance of a new fossil locality containing a Salopina 
community in the Waweig Formation of southwest New Brunswick: 
Canadian Journal of Earth Sciences, v. 13, p. 1328-1331. 

Pickerill, R. K., and Pajari, G., 1976, The Eastport Formation (Lower Devonian) 
in the northern Passamaquoddy Bay area, southwest New Brunswick: 
Canadian Journal of Earth Sciences, v. 13, p. 266-270. 

Potter, R. R., Hamilton, J. B., and Davies, J. L., 1979, Geological map, New 
Brunswick: Fredericton, New Brunswick, New Brunswick Department 
of Natural Resources, I :500,000-scale map. 

Rand, J. R., 1977, Historical earthquakes in Maine: The Maine Geologist, v. 3, 
no. 3, p. 3-6. 

Reilinger, R., 1987, Reanalysis of crustal warping in coastal Maine: Geology, 
v. 15, p. 958-961. 

Ruitenberg, A. A., 1967, Strdtigraphy, s tructure, and metallization, Piskahegan
Rolling Dam area (Northern Appalachians, New Brunswick, Canada): 
Leidse Geologische Mededelingen, v. 40, p. 79- 120. 

Ruitenberg, A. A., 1968, Geology and mineral deposits, Passamaquoddy Bay 
area: Fredericton, New Brunswick, Mineral Resources Branch, New 
Brunswick Department of Natural Resources. 

Ruitenberg, A. A., and Ludman, A., 1978, Stratigraphy and tectonic setting of 
early Paleozoic sedimentary rocks of the Wirral-Big Lake area, south
western New Brunswick and southeastern Maine: Canadian Journal of 
Earth Sciences, v. 15, p. 22-32. 

Sanger, D., 1985, Sea-level rise in Passamaquoddy Bay: Archaeology and 
sediment cores: Augusta, Maine, Maine Geological Survey, Open-File 
Report 85-73, 11 p. 

Schluger, P. R., 1973, Stratigraphy and sedimentary environments of the 
Devonian Perry Formation, New Brunswick, Canada, and Maine, U.S.A.: 
Geological Society of America Bulletin, v. 84, p. 2533-2548. 

Schnitker, D., 1974, Postglacial emergence of the Gulf of Maine: Geological 
Society of America Bulletin, v. 85, p. 491-494. 

Stringer P., and Burke, K. B. S., 1985, Structure in southwest New Brunswick: 
Geological Association of Canada/Mineralogical Association of Canada 
Meeting, Excursion 9, University of New Brunswick, Fredericton. 

Stuiver, M., and Borns, H. W., Jr., 1975, Late Quaternary marine invasion in 
Maine: Its chronology and associated crustal movement: Geological 
Society of America Bulletin, v. 86, p. 99-104. 

Thompson, W. B., Crossen, K. J., Borns, H. W., Jr., and Andersen, B. G., this 
volume, Glaciomarine deltas of Maine and their relation to late Pleis
tocene-Holocene crustal movements. 

Vanicek, P., 1976, Pattern of recent crustal movements in Maritime Canada: 
Canadian Journal of Earth Sciences, v. 13, p. 661 -667. 

Weng, W. L., 1981, Gravity survey of the Passamaquoddy Bay and southern 
Penobscot Valley areas, Maine: Augusta, Maine, Maine Geological 
Survey, Open-File Report 81-88, 29 p. 

Williams, H., 1978, Tectonic lithofacies map of the Appalachian orogen: Saint 
John's Memorial University of Newfoundland, Map No. I , scale 
I: 1,000,000. 

Williams, H., and Hatcher, R. D., Jr., 1983, Appalachian suspect terranes, in 
Hatcher, R. D., Jr., Williams, H., and Zietz, I., eds., Contributions to the 
tectonics and geophysics of mountain chains: Geological Society of 
America, Memoir 158, p. 33-53. 

Wilson, J. T., 1966, Did the Atlantic close and then reopen?: Nature, v. 211, p. 
676-680. 

Yellin, M. J., 1968, Gravity survey of the continental shelf, seabottom and 
seasurface, Gulf of Maine: U.S. Coast and Geodetic Survey, Operational 
Data Report C and GSDR-2. 



Maine Geological Survey 
Neotectonics of Maine 

1989 

Geology of Southwestern Coastal Maine 

Arthur M. Hussey II 
Department of Geology 

Bowdoin College 
Brunswick, Maine 04011 

ABSTRACT 

Southwestern Maine is underlain by 6 distinct sequences of metasedimentary and metavolcanic rocks ranging 
in age from Late Precambrian or Cambrian to Early Silurian. These sequences include 1) the Merrimack Group 
of Late Precambrian • Early Ordovician age; 2) the Casco Bay Group of Late Precambrian • Early Ordovician age; 
3) the Falmouth - Brunswick sequence of Precambrian · Early Ordovician age; 4) the Kearsarge • Central Maine 
sequence of Early Silurian age in southwestern Maine, but ranging to Early Devonian age in the central part of the 
Kearsarge. Central Maine synclinorium; 5) the Cross River Formation of probable Ordovician age; and 6) the Rye 
Formation of Late Precambrian . Ordovician age. Rocks in the Boothbay area originally mapped as part of the 
Bucksport Formation are now correlated with, and mapped as part of the lithically similar Sebascodegan Formation 
of the Casco Bay Group (originally the Sebascodegan member of the Cushing Formation). The boundaries 
separating sequences 2 from 4, 2 from 3, and 2 from 5 are interpreted to be westward-dipping thrusts, and the notion 
of a synclinorially folded thrust originally proposed for the base of the Casco Bay Group must be abandoned. The 
boundary between the Rye Formation (6) and the Merrimack Group (1) is a zone of ultramylonite representing 
either a strike slip fault with dominantly right-lateral movement or a pseudo-wrench part of an east-dipping thrust. 
The west-dipping thrusts are probably related to the Acadian orogeny of Early Devonian age. 

Intrusive igneous activity spans a time from Middle Ordovician to Cretaceous. Intermediate to basic plutons 
were intruded into the Merrimack Group in New Hampshire in middle to late Ordovician time. Large granitic 
plutons were intruded from Early Devonian time, immediately following Acadian deformation, to mid Car
boniferous time. Anorogenic felsic alkalic intrusion began with the emplacement of members of the Agamenticus 
Complex in Late Permian time and continued on into the Cretaceous. Dike swarms, probably related to the onset 
of tensional rifting leading to the the formation of the Atlantic Ocean, were emplaced in Late Triassic to Early 
Jurassic time, and basic plutonism and associated volcanism occurred during the Cretaceous. 

The Cape Elizabeth, Flying Point, and Nonesuch River faults are high angle faults which represent the extension 
of the Norumbega fault system into southwestern Maine. These faults underwent movement from mid-Devonian 
to as late as Jurassic time. Principal movement on these faults occurred after Acadian metamorphism but prior to 
emplacement of the Carboniferous plutons. Other high angle faults are interpreted to be normal faults, most of 
which are apparently down-dropped to the northwest. Movement on these may correlate with time of J uro-Triassic 
rifting. In southwestern Maine none of these faults are major boundaries between sequences. They merely offset 
major thrusts which are the true boundaries. 

Major recumbent and upright folding and metamorphism of the Casco Bay, Falmouth · Brunswick, and 
Kearsarge Central Maine sequences are interpreted to be the result of the Acadian orogeny in Early Devonian time. 
The Merrimack Group was multiply deformed prior to the intrusion of the 473 ± 34 Ma Exeter pluton in southeastern 
New Hampshire during an orogenic episode prior to the time of the Taconic orogeny in western New England. 
Hercynian deformation and metamorphism is restricted to variably wide zones concentric to the Mississippian age 
Sebago and Lyman plutons. 
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INTRODUCTION 

The purpose of this paper in a volume on neotectonics and 
seismicity of Coastal Maine is to provide an overview of the 
geological setting of southwestern Maine. The area included in 
this review extends from Kittery on the south to Pemaquid Point 
on the east, and inland to Lewiston and Sanford (Figure 1 ). This 
area is underlain by metamorphic rocks of Late Precambrian to 
Early Devonian age which have been intruded by plutonic rocks 
ranging from Middle Ordovician to Mesozoic in age. Six dis
tinct stratigraphic sequences comprise the metamorphic rocks of 
the study area. They are l) the Merrimack Group consisting of 
Late Precambrian - Early Ordovician easterly derived calcareous 
flysch; 2) the Casco Bay Group composed of felsic and mafic 
volcan ic rocks, and pelitic, psammitic, and calcareous 
metasedimentary rocks of Late Precambrian - Ordovician age; 
3) the Falmouth - Brunswick sequence consisting of mafic and 
felsic metavolcanic rocks and volcanigenic metasedimetary 
rocks of Late Precambrian age and originally correlated with the 
Cushing Formation; 4) the Kearsarge - Central Maine sequence 
of metamorphosed calcareous flysch, pelite, and ribbon lime
stone of Siluro-Devonian age; 5) the Cross River formation, 
migmatized very sulfidic and graphitic gneiss of probable Or
dovician age, and 6) the Rye Formation, migmatized and bias
tom y loni ti zed metasedime nts and amphibolite of Late 
Precambrian - Ordovician age. 

This study is based on investigations by Pankiwskyj (1978a) 
and Creasy ( 1979) in the Poland quadrangle, Newberg ( 198 1 a,b, 
1985) in the Gardiner, Vassalboro, Wiscasset and Palermo areas; 
Gilman ( 1977, 1978) in the Kezar Falls and Newfield quad
rangles, Eusden ( 1984) in the Berwick quadrangle, and the writer 
in the Lewiston quadrangle (Hussey, 1981 a), in the greater Casco 
Bay - Boothbay area (Hussey, 197 la,b; 198 lb,c,d, 1986, and 
work in progress), and in Southern York County (Hussey, 1962). 
Figure 2, modified after the 1985 Bedrock Geologic Map of 
Maine (Osberg et al ., 1985) shows the geology as it is interpreted 
from mapping done through the 1985 field season. Several 
problems of stratigraphic and structural interpretation exist, and 
the interpretation presented may be subject to extensive revision 
when further detailed mapping is completed in this and adjacent 
areas. 

In the discussion that follows, formally defined and recog
nized stratigraphic units will be indicated by capitalization of the 
first letter of the lithology or stratigraphic rank (e.g., Macworth 
Formation, Spurwink Metalimestone). Names of stratigraphic 
units used informally pending a formal definition in accepted 
publications will be indicated by lower case letter for the lithol
ogy or stratigraphic rank (e.g., Cross River formation, Wilson 
Cove member). All areal names have been cleared and reserved 
for future formal use. 

Seldom can we as field geologists formulate unequivocal 
answers to the problems of interpreting the complex, multi
variate systems we deal with. I feel we do a disservice in making 
positive statements that make complex problems seem simple 
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and solved once and for all. What we likely are doing is 
impressing upon the unsuspecting reader our pet biases which 
too often are subsequently cited in derivative literature as fact. 
In order to avoid this, the words "possibly," "probably," "may," 
and other phrases or symbols indicating uncertainty will be used 
frequently and without apology in this discussion. Such is the 
state of the art. 

PREVIOUS WORK 

Katz ( 1917) conducted the first significant detailed mapping 
in the greater Casco Bay area, and is responsible for naming and 
describing the formations of the Casco Bay Group. Fisher 
( 1941 ) carried out original detailed and reconnaissance mapping 
of the Lower Androscoggin Valley area, correlating the rocks of 
the Lewiston area with the fossiliferous sequence described by 
Perkins and Smith (1925) in the Waterville area. He was the first 
to recognize a Silurian age for at least part of the highly metamor
phosed and migmatized sequence of the Lewiston area, pre
viously regarded as Precambrian in age on the basis of degree of 
metamorphism (Keith, 1933). 

STRATIGRAPHY 

Casco Bay Group 

Formations of the Casco Bay Group include, in decreasing 
order of age, the Cushing Formation, Sebascodegan Formation, 
Cape Elizabeth Formation, Spring Point Formation, Diamond 
Island Formation, Scarboro Formation, Spurwink Metalimes
tone, Jewell Formation, and Macworth Formation. Lithologies 
of these units are summarized below. Further details are given 
in Hussey ( 1985). 

The Cushing Formation is a complex and variable sequence 
of quartzo-feldspathic gneisses, feldspathic sillimanite gneiss, 
amphibolite, rusty-weathering sulfidic schist, coticule, marble, 
and well-bedded generally sulfidic manganiferous metachert. 
Rock units west of the Flying Point fault (Fig. 3) previously 
assigned to the Cushing Formation appear to form a separate 
stratigraphic sequence that cannot be readily correlated on 
lithologic grounds with the Cushing Formation east of the Flying 
Point fault. These two sequences may be independent of each 
other, possibly having been deposited in separate lithotectonic 
belts. The writer (Hussey, in press) refers to the sequence west 
of the Flying Point fault informally as the Falmouth - Brunswick 
sequence and this useage is followed here. 

The Cushing Formation crops out in anticlinal belts and 
fault slivers southeast of the Flying Point Fault, and includes the 
Peaks Island, Wilson Cove, Bethel Point, Merepoint, and Yar
mouth Island members (Hussey, 1985). Metavolcanic and 
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metasedimentary rocks above the Bethel Point member, 
originally included in the Cushing as the Sebascodegan member, 
are raised to forrnation rank (Hussey, 1988). The Cushing For
mation exhibits the most distinctive volcanic characteristics, 
including volcanic breccia, crystal tuff texture, and very 
feldspathic mineralogy, in the belt extending from South 
Portland northward through Harpswell Neck. Amphibolites 
have been interpreted variously as metamorphosed basic flows 
and tuffs (Hussey, 1985), impure interlayered magnesian car
bonate and shale (Hussey, 1971 b, 1985), and as syntectonic 
premetamorphic sills (Newberg, 1981 a; Hussey, 1985). 

The Sebascodegan Forrnation (Hussey, 1988) consists of 
feldspathic biotite granofels with interbeds of calc-silicate gneiss 
and sillimanite gneiss, with significant metavolcanic breccia and 
crystal tuff in its western part. It is regarded as a facies of the 
upper part of the Cushing Forrnation. Rocks originally mapped 
as the Bucksport Formation in the Boothbay Harbor area (Fig. 
1) are now correlated and included with the Sebascodegan 
Formation on the basis 1) of lithologic similarity, and 2) that they 
are overlain by the Cape Elizabeth Forrnation. The Cushing 
Forrnation is now interpreted to represent a facies proximal to an 
eruptive center lying to the west, and the Sebascodegan forma
tion to be a more distal apron of reworked volcanic detritus to 
the east. 

The correlation of the Sebascodegan with the Cushing raises 
a problem for future resolution: how do we separate the outcrop 
belt of these rocks in southwestern Maine from the supposedly 
younger (Late Ordovician to possibly Early Devonian) Buck
sport Formation of south central Maine. It is conceivable that 
the age of the Bucksport should be reconsidered. 

The Cape Elizabeth Formation has a variable lithology 
depending on the grade of metamorphism. At low grade 
(chlorite, biotite, and garnet) it is generally a thin-bedded alter
nation of fine-grained medium gray feldspathic and micaceous 
quartzite and medium dark gray phyllite, with small garnet 
porphyroblasts at garnet grade. The quartzose beds are charac
teristically finely laminated, and these laminae occasionally 
show fine-scale soft-sediment slump deformation. Minor 
lithologies of the Cape Elizabeth Forrnation at low grade include 
20-30 cm beds of hard mica-poor or -free feldspathic quartzite 
and minor calc-silicate granofels. In the chlorite zone the more 
quartzose beds contain ankerite and calcite which gives rise to 
the characteristic buff weathering of these beds. At staurolite 
grade, the more quartzose beds are quartz - plagioclase - biotite 
(- muscovite - garnet) schist, and the more micaceous beds are 
biotite - muscovite - garnet - staurolite schist, with minor an
dalusite. At sillimanite grade, sillimanite is locally abundant in 
the schistose beds, and at K-feldspar - sillimanite grade, the Cape 
Elizabeth Formation is extensively migmatized and injected by 
pegmatites which locally contain abundant sillimanite. 

The Spring Point Formation is a heterogeneous sequence of 
metavolcanics and volcanogenic metasediments. In the Scar
borough area at chlorite grade the formation consists of medium 
greenish gray chlorite - garnet (manganiferous) - plagioclase 
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phyllite. At garnet grade it is principally an actinolite - biotite -
chlorite - plagioclase schist. Highly stretched felsic metavol
canic fragments and blue quartz pyroclasts, very similar to those 
in the Cushing Formation, are locally abundant, and suggest a 
pyroclastic origin for much of the formation. In a few localities, 
the rock is much more massive greenstone, representing mafic 
flows. In the Harpswell area the Spring Point Formation consists 
of two members (Hussey, 1971 b ): a lower mafic metavolcanic 
member and an upper felsic metavolcanic and volcanogenic 
metasedimentary member. The lower member is mostly dark 
greenish gray, thin to medium layered hornblende-garnet
chlorite amphibolite with zones of dark reddish gray garnet-rich 
quartz - plagioclase- biotite granofels (essentially coticule). The 
upper member consists of thin to medium-bedded liqht gray 
quartz - plagioclase - biotite granofels representing original 
feldspathic sandstones and felsic tuff beds. Minor lithologies 
include thin amphibolite and chlorite schist beds representing 
mafic tuffs prior to metamorphism. 

The Diamond Island Formation is a massive black quartz -
graphite - muscovite phyllite locally with abundant pyrite, the 
weathering of which imparts a yellow and orange staining to 
outcrops. Contorted paper-thin quartz veins characteristically 
occur along cleavage planes. 

The Scarboro (this is the spelling adopted by Katz, 1917; 
the official spelling of the municipality is now "Scarborough") 
and Jewell Formations are essentially identical , consisting of 
rusty- and non-rusty weathering dark gray, light gray, mottled 
greenish and purplish gray, and green phyllites, the latter repre
senting basic to intermediate tuff. At appropriate metamorphic 
grade garnet is abundant, and staurolite, chloritoid, and an
dalusite are locally common. Beds 5 to 50 cm thick of micaceous 
quartzite and amphibolite are present sporadically throughout 
both forrnations. The Scarboro Forrnation includes a 5 to 20 m 
thick gray metalimestone near its base. 

Separating the Scarboro and Jewell Fonnations is the Spur
wink Metalimestone, a 30 to 60 m thick sequence of thin-bedded 
medium gray fine-grained metalimestone with 2 to 4 cm thick 
interbeds of quartzose biotite phyllite. 

The Macworth Formation consists of finely-laminated thin 
and weakly bedded medium brownish gray quartzose phyllite 
and minor rusty phyllite. Calcite is present in the southern third 
of the outcrop belt of the Fonnation; actinolite is present in the 
northern part, especially on Cousins Island where the Macworth 
Fonnation superficially resembles the Vassalboro and Berwick 
Fonnations. Rare interbeds with central zones of feldspathic 
granules have been observed, and thin felsic metatuff beds are 
locally present. Above the Jewell Formation on Great 
Chebeague Island in Casco Bay is a unit of slightly chalky
weathering medium brownish gray feldspathic and calcareous 
phyllite that is tentatively correlated with the Macworth Fonna
tion, thus establishing it as the highest stratigraphic unit of the 
Group. It is possibly transitional to the Vassalboro Fonnation, 
or it may be equivalent to the Berwick Fonnation of the Mer
rimack Group. 
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Falmouth - Brunswick Sequence 

The Falmouth - Brunswick sequence crops out in a belt 
between the Vassalboro Formation of the Kearsarge - Central 
Maine sequence and the Flying Point fault extending from 
Falmouth toward the northeast beyond the map area. The se
quence consists of four formations, Nehumkeag Pond, Mount 
Ararat, Torrey Hill and Richmond Comer, originally correlated 
as members of the Cushing Formation, but now interpreted to 
form a separate sequence. The Nehumkeag Pond formation , as 
defined by Newberg (1981), consists of buff to slightly rusty
weathering fine-grained quartz - K-feldspar - plagioclase -
biotite - muscovite gneiss. Minor mappable lithologies include 
impure marble and associated rusty weathering mica schist. The 
Mount Ararat formation consists primarily of light gray quartz -
plagioclase - biotite gneiss and granofels with subordinate am
phibolite and biotite - hornblende - plagioclase granofels in beds 
ranging from 1 cm up to mappable lenses 200 m thick. Minor 
associated lithologies include rusty mica schist and homblende
rich calc-silicate gneiss. The Torrey Hill formation consists of 
non- to poorly-bedded very sulfidic and rusty-weathering quartz 
- muscovite - biotite - graphite - sillimanite schist with minor 
sulfidic micaceous quartzite interbeds. The Richmond Comer 
formation is a heterogeneous assemblage of mostly 
metasedimentary rocks including l) quartz - plagioclase - biotite 
- garnet granulose schist (the dominant lithology), 2) am
phibolite with thin calc-silicate laminae, 3) pink coticule, and 4) 
rusty mica schist. The Falmouth - Brunswick sequence is no 
longer correlated with the Cushing Formation on the basis I) that 
there is no correlation of lithic sequence from one side of the 
Flying Point fault (part of the Norumbega fault system) to the 
other, 2) that the Cushing sequence east of the Flying Point fault 
lacks the thin alternations of amphibolite and felsic granofels 
typical of the Mount Ararat formation. 

Formations of the Kearsarge - Central Maine Sequence 

Late Ordovician to Early Silurian formations in the study 
area comprising a cover to the pre-Silurian Falmouth -
Brunswick sequence are the Vassalboro, Waterville, Windham, 
and Sangerville Formations. These formations are the lower part 
of a conformable sedimentary sequence ranging to Early 
Devonian age in the center of the Kearsarge - Central Maine 
synclinorium to the northwest of the study area. These forma
tions are not considered part of the Merrimack Group as pre
viously suggested by Billings ( 1956). As discussed below, the 
Merrimack is now regarded as a separate and older sequence of 
metasediments of pre-Silurian age (Gaudette et al., 1984). The 
lower part of the Rindgemere Formation of the Shapleigh Group, 
correlated with the Sangerville Formation, is included in this 
discussion. 

The Vassalboro Formation is a thick sequence of variably 
bedded medium gray quartz - plagioclase - biotite (-hornblende) 
granofels and calc-silicate granofels. Minor interbedded 

lithologies include biotite - quartz - plagioclase - muscovite -
sillimanite schist, rusty-weathering biotite - quartz - graphite -
muscovite schist, and impure marble. The principal lithology is 
very similar to that of the Berwick, Bucksport and Sebascodegan 
Formations. 

The Waterville Formation consists of thin-bedded biotite -
sillimanite - muscovite - garnet schi st, and minor calc-silicate 
granofels. In the middle of the formation is a thin metalimestone 
member consisting of ribbony-bedded fine-grained marble with 
thin interbeds of quartz-biotite schist, and at the base is a discon
tinuous thin unit of rusty-weathering quartz - muscovite -
graphite schist. Included as part of the Waterville Formation is 
the lithically similar and correlative Anasagunticook Member of 
the Sangerville Formation. 

The Windham Formation, mapped only south of the Sebago 
pluton, is lithically similar to the Waterville Formation with 
which it is correlated. The principal lithology of the formation 
is thin to medium-bedded muscovite - biotite - garnet - quartz -
plagioclase schist with staurolite, sillimanite, or kyanite 
(Thompson and Guidotti , 1986) at the appropriate grade. This 
is the only formation in the study area in which kyanite is part 
of the paragenesis. Interbedded with the schist are thin beds of 
micaceous quartzite. Toward the middle of the Windham For
mation is a metalimestone member identical to that present in 
the Waterville Formation. A thin discontinuous zone of fine
grained purplish-gray quartz - plagioclase - biotite schist similar 
to the biotite granulite of the Vassalboro Formation occurs be
tween the pelite and metalimestone. 

The Sangerville Formation is traced on the southeast limb 
of the Currier Hill syncline of the Skowhegan area (Ludman, 
1977) across the Livermore quadrangle to the northeast corner 
of the Lewiston 15 ' quadrangle by Pankiwskyj et al. (1976). As 
here mapped (Figure 2), the Sangerville Formation includes 
parts of the Sabbatus, Taylor Pond, and Androscoggin Forma
tions of Fisher ( 1941 ), the Turner Formation of Warner and 
Pankiwskyj (1965), and the Patch Mountain Formation of 
Guidotti ( 1965). The Sangerville Formation consists of a non
to slightly rusty-weathering association of variably bedded to 
massive metamorphosed pelite and quartz wacke that, in most 
areas, is very extensively migmatized. The dominant lithology 
is quartz - plagioclase - biotite granofels and schist. Sillimanite 
is common in the schist. In the area just north and east of 
Sabattus the formation is least migmatized and consists of thin 
to medium-bedded alternations of fine-grained medium gray 
quartz - plagioclase - biotite granofels and medium brownish
gray biotite - muscovite - sillimanite - garnet - quartz schist. 
Graded bedding is common here. These rocks are distinguished 
from the Waterville Formation by the relatively thicker granofels 
relative to pelite. They are very similar to the Mayflower Hill 
Formation of Osberg, ( 1968), and with the lower part of the 
Rindgemere Formation (Hussey, 1985) with which they are 
correlated. 

The Patch Mountain Formation of Guidotti ( 1965) is now 
ranked as a member of the Sangerville Formation. It consists of 
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well-bedded alternations of light gray calc-silicate granofels, 
dark gray quartz - plagioclase - biotite (-hornblende) granofels, 
and fine-grained granoblastic marble with abundant calc-silicate 
minerals. In places the member consists of massive marble, and 
locally, thick beds of quartz - plagioclase - biotite granofels. In 
the area just northeast of Sabbatus where the Sangerville is 
essentially unmigmatized, the Patch Mountain Member consists 
of thin, ribbony-bedded metalimestone very similar to the ribbon 
limestone members of both the Waterville and Windham Forma
tions. 

Merrimack Group 

The Merrimack Group consists of the Kittery, Eliot, and 
Berwick Formations of southwestern Maine and adjacent New 
Hampshire. The group is limited in outcrop to an area southeast 
of the Nonesuch River fault, and southwest of the Casco Bay 
Group outcrop belt. 

The Kittery Formation typically consists of a variably thin 
to thick-bedded association of calcareous and feldspathic 
quartzite and dark gray chlorite/biotite phyllite. Graded bed
ding, cross-bedding, flame structures and many other primary 
sedimentary structures are well preserved, and Rickerich ( 1983) 
interprets the environment of deposition of the formation to have 
been that of a deep-sea turbidite fan. From a statistical analysis 
of the orientation of small-scale cross bedding foresets, Rickerich 
determined a general east to west sediment transport for the 
turbidites of the Kittery Formation. 

The Eliot Formation is inferred to lie conformably above the 
Kittery Formation. It consists of thin-bedded alternations of 
medium gray buff-weathering calcareous and ankeritic quartz
mica phyUite, and dark gray phyllite. In New Hampshire, Freed
man ( 1950) mapped an upper member, the Calef Member, 
consisting of mostly dark graphitic phyllite. A similar lithology 
is present along the Mousam River (Fig. 2). 

The Berwick Formation characteristically is an interbedded 
association of quartz - plagioclase - biotite - amphibole granofels 
and calc-silicate granofels. Cale-silicate minerals include 
zoisite, diopside, hornblende or actinolite, and grossularite (the 
latter essentially restricted to compositionally zoned concre
tions). Bedding thickness varies considerably, some parts of the 
formation being essentially massive biotite granofels. Although 
contacts with the underlying Eliot are not exposed, there is no 
indication of structural discordance between the two, and the 
contact is inferred to be conformable (Hussey, 1985). 

Cross River Formation 

The Cross River Formation (Hussey, 1985) is restricted in 
outcrop to the cores of two doubly-plunging antiformal windows 
in the Boothbay area. The upper part of the formation is a 
non-rusty variably-bedded quartz - plagioclase - biotite - garnet 
granofels. The lower part is moderately to extremely rusty
weathering sillimanite- and graphite-bearing nebulitic mig-
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matite with rafts of biotite granofels and occasionally am
phibolite. These rafts represent broken beds of lithologies resis
tent to migmatization and mobilization. The Bucksport-type 
rocks, now correlated with the Sebascodegan member of the 
Cushing Formation, structurally overlie the Cross River Forma
tion and the contact is inferred to be a folded thrust fault. 

Rye Formation 

The principal lithology of the Rye Formation on Gerrish 
Island, Kittery, is an association of fine-grained, mylonitized 
dark chocolate-brown metapelite with muscovite, biotite, garnet, 
quartz, plagioclase, fibrolitic sillimanite, relict staurolite, and 
occasionally relict andalusite; and mylonitized fine-grained I to 
2 cm alternations of chocolate-brown quartz - biotite -
plagioclase gneiss and medium greenish-gray quartz -
plagioclase - hornblende - biotite gneiss. Partially crushed and 
rolled porphyroclasts of plagioclase and microcline up to 4 cm 
in diameter are locally abundant giving the rocks a characteristic 
blastomylonitic fabric. Within this association are thin units of 
marble, sulfidic black graphitic schist, and amphibolite. Locally 
the main lithic association has been reduced to ultramylonite 
with pseudotachylite stringers through deep-seated ductile fault
ing (Hussey, 1980; Swanson, 1988). On Gerrish Island the rocks 
other than the pseudotachylite have been heavily migmatized 
and injected by sills of blastomylonitic granite, granodiorite and 
granite pegmatite ranging up to several meters in thickness. It 
is the regularity of these feldspathic layers that lead earlier 
investigators, including the writer, to interpret this sequence on 
Gerrish Island as metavolcanic. Close examination reveals that 
these felsic layers occasionally cross-cut relict bedding at very 
low angles, and must be injected, not interbedded, material. 
Other than the amphibolite that may have been basaltic ash beds 
before metamorphism, there are no volcanics in the Rye Forma
tion. 

STRATI GRAPHIC RELATIONS, AGE, AND 
CORRELA TIO NS 

Casco Bay Group and Falmouth - Brunswick Sequence 

The writer now regards the Casco Bay Group to be of Late 
Precambrian(?) to early Ordovician(?) age rather than Devonian 
as earlier stated (Hussey, 1968). The principal basis for this 
reassignment is the Rb/Sr whole-rock dating (Table I) reported 
by Brookins and Hussey (1978). 

Brookins and Hussey ( 1978) interpreted these ages to reflect 
time of formation of the different units. However many workers 
interpret such ages to reflect total or, as in this case, partial 
resetting during a metamorphic event. Assuming that the latest 
metamorphism of this sequence occurred as the result of the 
Acadian orogeny in Early Devonian time, these Cambro-Or
dovician ages suggest deposition and vulcanism sometime prior 
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TABLE L RB/SR WHOLE-ROCK AGES FOR FALMOUTH
BRUNSWICK AND CASCO BAY SEQUENCES, AND PEGMATITES, 

PORTLAND - ORRS ISLAND AND RICHMOND AREAS. 

Cushing Fonnation 
Spring Point Fonnation 
Cape Elizabeth Fonnation 
Scarboro Fonnation 
Mount Ararat Fm., 
Fal.-Bruns. seq. 
Foliated pegmatite 
Non-foliated pegmatite 

481 ±40Ma* 
539 ± 50 Ma* 
485 ±40 Ma* 
509 ±45 Ma* 

494 ±25 Ma*** 
385 Ma** 
375 Ma** 

(ages after Brookins and Hussey, 1978 [*],Brookins, personal communication 
[**].and Gaudette et al., 1983 [***]). 

to the Ordovician. If not reset by Acadian metamorphism they 
then indicate formation in Early Ordovician time. 

The Cape Elizabeth Formation traces into the Hogback 
Schist of Perkins and Smith ( 1925) in the Palermo area of Central 
Maine, and is probably equivalent to the high grade sillimanite
bearing migmatites of the Passagassawaukeag Gneiss of Bickel 
( 1976) in the Belfast area. It is lithically similar to gray schists 
and gneisses of Ordovician age described by Osberg and Guidot
ti (1974) in the Rockland area. Low grade Cape Elizabeth 
Formation in the Saco area is lithically identical to the Eliot 
Formation of the Merrimack Group which is regarded to be Late 
Precambrian - Early Ordovician in age. The principal constraint 
on the age of the Eliot and other formations of the Merrimack 
Group is the 473 ± 37 Ma whole-rock age of the Exeter Pluton 
which intrudes the Kittery and Eliot Formations of the Group in 
southeastern New Hampshire (Gaudette et al., 1984). In view of 
these possible correlations, the age of the Cape Elizabeth For
mation cannot be established more precisely than Late 
Precambrian - Early Ordovician. 

The Cushing Formation and the upper units of the Casco 
Bay Group (Spring Point through Jewell Formations) are un
known beyond their outcrop belt. Because of the general con
formability of the Cape Elizabeth Formation to these formations, 
the Cushing Formation below and the Spring Point through 
Jewell Formations above, the age of these formations cannot be 
stated more precisely than Late Precambrian - Early Ordovician. 
The greater radiometric age reported by Brookins and Hussey 
( 1978) for the Scarboro and Spring Point Formations probably 
reflects analytical uncertainty, inasmuch as primary structures 
clearly establish the stratigraphic sequence of these formations 
(Hussey, 1985). 

The Macworth Formation, based on its lithic similarity, may 
correlate with either the Berwick or Vassalboro Formations. Its 
age may thus be anywhere from Late Precambrian to Late 
Ordovician. 

The Falmouth - Brunswick sequence is interpreted to be a 
pre-Silurian basement terrane to the adjacent part of the Siluro
Devonian Kearsarge-Central Maine sequence. The Mount 
Ararat Formation is lithically similar to, and may correlate with, 

the metavolcanic phases of the Massabesic Gneiss in New 
Hampshire (Bothner et al., 1984), the Monson Gneiss in the 
Pelham Dome in Massachusetts (Robinson et al., 1986), core 
gneisses and Ammonoosuc volcanic cover in the Oliverian 
domes of western New Hampshire (Naylor, 1968), and pre
Silurian bimodal volcanics of the Miramichi anticlinorium in 
western New Brunswick (Fyffe, 1982). These correlations sug
gest a Late Precambrian - Ordovician age for the Falmouth -
Brunswick sequence. 

Merrimack Group 

The Kittery Formation is in contact with the Rye Formation 
along a 30 to 50 m wide zone of unmetamorphosed ultramylonite 
(Hussey, 1980), representing a deep ductile fault zone which 
Swanson ( 1988) interprets to have significant right-lateral strike 
slip movement. The contact between the Merrimack Group and 
the Kearsarge - Central Maine Sequence is the Nonesuch River 
fault. The Berwick Formation is correlated with the Paxton and 
Oakdale Formations of Massachusetts, and with the Southbridge 
and Hebron Formations of southern Nassachusetts and Connec
ticut (Barash and Pease, 198 J ). Peck ( 1976) tentatively corre
lates the Kittery Formation with quartzose units of the 
Merrimack Group in the Clinton area of Massachusetts just west 
of the Clinton-Newbury fault. 

On a lithic basis the Berwick Formation is identical to the 
Vassalboro and Bucksport Formations, and the Sebascodegan 
member of the Cushing Formation. Osberg ( 1980) regards the 
Vassalboro Formation to be of Late Ordovician to Early Silurian 
age and hence it has been held that the Merrimack Group may 
also be of Late Ordovician to Early Silurian age. However, the 
weight of accumulating radiometric ages of some of the plutons 
that cut the group (Exeter, and Newburyport) suggest a pre-Or
dovician age for the group (Gaudette, et al., 1984; Zartman and 
Naylor, 1984). This seemingly would rule out a correlation of 
the Berwick and Vassalboro Formations, and reinforce the inter
pretation that these are separate terranes unrelated in time and 
space. Inasmuch as the strength of this notion of non-correlation 
rests with the single radiometric age reported for each of the 
above two plutons, it would be prudent to reserve final judge
ment of correlation or non-correlation until additional age deter
minations are made by other methods. 

Cross River and Sebascodegan Formations 

The Cross River Formation correlates either with the 
Penobscot Formation east of the Sennebec Lake fault (Bickel 's 
[1976] St. George fault), or with the rusty schist of the Benner 
Hill sequence of Osberg and Guidotti (1974), also east of the 
Sennebec Lake fault. Fossils in the Benner Hill sequence indi
cate an Ordovician age for that sequence (Boucot et al., 1972; 
Neuman, 1973). The Penobscot Formation is correlated with the 
Cookson Formation of eastern Maine (Osberg et al. , 1985). 
Fossils in the Cookson indicate an early Ordovician age for the 
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youngest part of that sequence. If the Cross River correlates with 
the Penobscot Formation its age would then be Cambrian to 
Early Ordovician. If it corelates with the Benner Hill sequence 
its age would be Ordovician but probably not Cambrian. 

As indicated above, the Bucksport - like rocks in the Booth
bay Harbor area are now included as part of the Sebascodegan 
Formation which is interpreted to be a facies of the upper part of 
the Cushing Formation and not with the type Bucksport Forma
tion to the north of the study area. The age of these rocks is thus 
probably Late Precambrian - Early Ordovician. 

Kearsarge - Central Maine Sequence 

The Kearsarge - Central Maine sequence including the 
Rindgemere Formation of the Shapleigh Group is in fault contact 
with the Merrimack and Casco Bay Groups. The Nonesuch 
River fault separates the Shapleigh Group from the Merrimack 
Group southwest of the Lyman pluton, and it juxtaposes the Cape 
Elizabeth Formation of the Casco Bay Group against the Vassal
boro Formation of the Kearsarge - Central Maine sequence 
northeast of the Saco pluton. The Vassalboro Formation is 
separated from the Cape Elizabeth and Macworth Formations in 
the Portland area by the Flying Point fault. North of Portland the 
Falmouth - Brunswick sequence is separated from the Vassal
boro Formation by the Hackmatack Pond fault (Fig. 2), a west
dipping thrust fault. Osberg et al. ( 1985) regard the contacts 
between units of the Kearsarge - Central Maine sequence to be 
conformable. 

The Sangerville Formation is correlated with the Mayflower 
Hill Formation of the Waterville area, the Rangeley Formation 
of north central Maine, and lower parts of the Rindgemere 
Formation of southwestern Maine (Hussey, 1985). Graptolites 
in the Mayflower Hill Formation (Osberg, 1968), and a shelly 
fauna in the Rangeley Formation (Moench and Boudette, 1970) 
both support a Late Llandovery age for these formations, hence 
also the lower part of the Rindgemere and the Sangerville 
Formations. Osberg (1980) correlates the Waterville Formation 
with the Greenvale Cove Formation of north central Maine and 
he assigns an early Silurian age for it on the basis of its position 
stratigraphically below the Sangerville, and poorly preserved 
graptolites. The Vassalboro Formation is correlated with the 
Quimby Formation of north central Maine, and is assigned an 
age of Late Ordovician to Early Silurian. This correlation of the 
Vassalboro Formation with the Quimby Formation introduces 
one major problem in stratigraphic interpretation and synthesis 
in southern Maine. As presently mapped, the Vassalboro Forma
tion traces out on strike northeast into the Flume Ridge Forma
tion which Ludman ( 1980) regards to be of Siluro-Devonian age. 
The Vassalboro is lithically identical to the Bucksport Formation 
with which it is correlated (Osberg et al., 1985). It is also 
lithically identical to the Berwick Formation, a correlation 
originally made by the writer (Hussey, 1968) but seriously 
questioned now in the light of Ordovician radiometric ages for 
the Newburyport and Exeter plutons and the extensive pre-
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plutonic recumbent and upright folding activity of the Mer
rimack Group discussed below. Future work must resolve this 
problem. 

INTRUSIVE ROCKS 

Intrusive rocks occupy approximately one third of the study 
area, collectively representing an intrusive history spanning the 
time from the Early Devonian to the Cretaceous. 

The principal plutons of the area are the Sebago batholith, 
and the Lyman, Webhannet, Biddeford, Saco, Leeds, Lake 
Androscoggin, and Hedgehog Hill plutons; and the Agamen
ticus, Cape Neddick, Alfred, and Tatnic complexes. In addition, 
many minor plutons, mostly composed of two-mica granite, 
occur throughout the area, principally in the outcrop belt of the 
Cape Elizabeth Formation between Bath and Georgetown. 

The Biddeford pluton is composed of medium-grained non
foliated light gray biotite granite. The Webhannet pluton con
sists of three intrusive phases, foliated subporphyritic 
granodiorite, gray weakly foliated granite, and non-foliated pink 
biotite-muscovite granite (youngest). The Lyman, Leeds, and 
minor unnamed plutons are composed of weakly foliated biotite
muscovite granite, locally with accessory garnet. The Sebago 
batholith is composed of massive to moderately foliated biotite
muscovite granite. Creasy (1979) maps and describes two 
phases of the batholith, an outer phase which consists of 2-mica 
granite of great textural heterogeneity, and containing numerous 
xenoliths, and an inner phase much more homogeneous in tex
ture and almost devoid of metasedimentary inclusions. Foliated 
granodiorite forms the arcuate Hedgehog Hill pluton just east of 
Lewiston. 

Pegmatites of simple mineralogy (quartz, microcline, al bite, 
biotite, muscovite, garnet, and schorl) are common throughout 
the study area in the sillimanite and sillimanite - K-feldspar 
zones of regional metamorphism, occurring as elongate pods and 
lenses, irregular stringers, and evenly-walled dikes. The ir
regular and concordant pegmatites tend to be foliated, and the 
thinner ones of these, folded. Pegmatite dikes are generally 
massive, unfolded, and unfoliated. Brookins (pers. comm., 
I 978) reports a Middle-Devonian age for both foliated and 
unfoliated pegmatites in the Falmouth - Yarmouth area (Table I). 

The Saco pluton is composed of strongly Iineated and weak
ly foliated diorite. Similardiorite, cut by and therefore older than 
the Sebago batholith, forms a small stock at the south end of the 
Westbrook tongue of the batholith. The original igneous 
mineralogy of these bodies has been changed almost completely 
either by regional metamorphism or deuteric alteration. 

Gabbro, ultramafic rocks and syenite form an intrusive 
complex 7 km in diameter centered around Lake Androscoggin 
in Wayne. All phases are relatively younger than the 2-mica 
granite of the Leeds pluton and pegmatites. Noritic gabbro, 
monzodiorite, and porphyritic granodiorite form the Alfred com
plex in the town of Alfred. Noritic gabbro, quartz diorite, and 
olivine gabbro with included blocks of volcanic agglomerate 
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form the Tatnic complex in South Berwick, North Berwick, and 
Wells. In York Beach cone sheets and funnel intrusions of 
gabbro, anorthositic gabbro, and cortlandtitic gabbro comprise 
the Cape Neddick complex. 

The Agamenticus complex is a roughly circular post-tec
tonic plutonic ring complex composed of four intrusive phases, 
alkaline syenite, alkaline quartz syenite, alkaline granite, and 
biotite granite (in the presumed order of injection}. Reflective 
of the alkaline composition of the magmas from which these 
plutons formed are such minerals as hastingsite, ferrohastingsite, 
riebeckite, arfvedsonite, aegirine-augite, aegirine, and enig
matite. 

Basic dikes, including basalt, diabase, camptonite, and 
monchiquite, are present throughout the area in greatly varying 
abundances. They range in thickness from less than a centimeter 
to greater than 30 m. They are undeformed and unmetamor
phosed but frequently show markedly contrasting degrees of 
deuteric alteration. These dikes cut all metasedimentary units, 
pegmatites, and granitic plutons, and are younger than all other 
intrusive phases except the Cape Neddick, Tatnic and Alfred 
complexes. The dikes form a swarm, locally accounting for20% 
of the outcrop area in a relatively narrow belt that extends from 
southwest of the study area into the vicinity of Kennebunkport. 
The swarm either dies out or trends out to sea just south of the 
mouth of the Saco River, Biddeford. Another minor swarm is 
located in a crudely east-west trending belt through the city of 
Lewiston. These dikes individually have a general ENE trend. 

Table II lists radiometric ages for plutons in the study area. 
In the study area, biotite and biotite-muscovite granites 

(Webhannet, Biddeford , Lyman, Waldoboro,and Sebago 
plutons) yield either Devonian or Carboniferous ages. The Web
hannet pluton gives an early Devonian age indicating intrusion 
and cooling just after the peak of Acadian deformation (Gaudette 
et al., 1982). The Sebago, Biddeford, Lyman, and Saco Plutons 
all give Carboniferous ages which correlate with ages obtained 
by Lux and Guidotti ( 1985) for metamorphic rocks north of the 
Sebago batholith. The 307 Ma age for the Saco pluton is 
perplexing in view of the strongly deformed and metamorphosed 
character of the pluton. Although the Nonesuch River fault cuts 
centrally through the pluton , the foliation, lineation, and 
metamorphic alteration are not restricted to the fault zone, but 
are pervasive throughout. This led the writer to regard the Saco 
pluton as a syn-Acadian intrusive older than the granite plutons 
of southwestern Maine. The anomalously young age of the Saco 
pluton may possibly represent resetting of the origional syn
Acadian age by thermal effects of the intrusion of the Lyman 
pluton. 

STRUCTURE 

Folds 

All of the stratified rocks of the southwestern Maine area 
have been multiply deformed. The Casco Bay Group, Mer-

rimack Group, and Kearsarge - Central Maine Sequence have 
each been affected by two major deformations, plus several 
minor episodes. In the following discussion, however, the desig
nations F1, F2, etc. for one of the sequences neither implies nor 
denies any correlation with similar designations for another 
sequence. 

The deformational history of the Casco Bay Group is most 
clearly illustrated in the Small Point area of Phippsburg, and the 
shoreline exposures in Cape Elizabeth. In the Small Point area, 
F1 structures are mesoscopic-scale recumbent isoclines of un
known facing direction and regional vergence. On Small Point, 
fracture cleavage which is axial-planar to the recumbent folds 
has been tightly and recumbently folded. Because of the limited 
occurrence and small scale of these structures, they have not 
been designated as F2 in the folding sequence of the Casco Bay 
Group as a whole. F2 structures, instead, include small-scale 
mesoscopic upright to slightly overturned asymmetric folds 
which are congruent with macroscopic folds defined by the map 
pattern of lithic units in the area. These mesoscopic structures 
generally have a folded muscovite schistosity (which may have 
been axial-planar to F1 isoclines), but locally biotite has been 
recrystallized to form a schistosity parallel to axial planes of F2. 
In the Harpswell area to the west, major folds as defined by map 
pattern (Hussey, 197lb) correlate with F2 thus establishing this 
as a major folding event in that area. However, in the Portland 

TABLE II. RADIOMETRIC AGES OF PLUTONS lN SOlITH-
WESTERN MAINE AND ADJACENT AREAS. 

Radiometric Relative 
Pluton Method Age (Ma) Age Source 

Exeter pluton Rb/Sr 473 ± 37 M. Ord. (I) 
Ne wburyport pluton Zirc 450 ± 15 L. Ord. (2) 
Webhannet pluton Zirc 403 ± 13 E. Dev. (3) 
Webhannet pluton Rb/Sr 390±20 E. Dev. (3) 
Waldoboro pluton Rb/Sr 367± 4 L. Dev. (4) 
Biddeford pluton Rb/Sr 344± 12 E. Miss. (3) 
Sebago batholith Zirc 324± 3 L. Miss. (5) 
Lyman pluton Rb/Sr 322± 12 L. Miss. (3) 
Saco pluton Rb/Sr 307 ± 20 M. Penn. (3) 
Agamenticus complex K/Ar 228 ± 5 L. Trias. (6) 
Basic dikes 

doleri te K/Ar 200± 9 Juras. (7) 
dolerite K/Ar 19 1± 10 Juras. (7) 
dolerite K/Ar 184± 8 Juras. (7) 
camptonite K/Ar 124± 6 Crct. (7) 

Tatnic complex, gabbro K/Ar 122± 2 Crct. (6) 
Alfred complex, gabbro K/Ar 120± 2 Cret. (6) 
Cape Neddick complex. 

gabbro K/Ar 116 ± 2 Cret. (6) 

Sources: ( l ) Gaudenect al. ( 1984) 
(2) Zartman and Naylor ( 1984) 
(3) Gaudene ct al. ( 1982) 
(4) Knight and Gaudcnc (1987) 
(5) Aleinikoff et al. ( 1985) 
(6) Foland and Faul ( 1977) 
(7) McHone and Trygstad ( 1982) 
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- Cape Elizabeth area (Hussey, 1971 b, 1982) bedding and schis
tosi ty are locally flatlying or gently and openly folded, and thus, 
locally, F1 folds have not been significantly developed. In the 
Orrs Island area, F3 and F4 are minor crenulations of earlier 
lineation and schistosity, and Fs are steeply dipping kink bands 
with consistent left-lateral kinking sense. 

In the Cape Elizabeth area, the Cape Elizabeth Formation 
preserves F1 parasitic mesoscopic east-facing and -verging 
recumbent isoclines, and mesoscopic upright to slightly over
turned folds correlated with F2. The latter deform both upward 
and downward-facing bedding sequences suggesting the 
presence of both upright and inverted limbs of F1 recumbent 
folds. 

The Merrimack Group is deformed by three major fold 
sequences, best seen along the Ogunquit-York shoreline ex
posures of the Kittery Formation in the southern part of the 
discussion area (Hussey et al., 1984). Ft folds are south to 
southeast-facing, northwest-verging isoclines probably parasitic 
to much larger recumbent folds. F1 folds are upright to slightly 
overturned open to tight folds with frequent plunge reversals. F3 
folds are relatively open, overturned, generally dextral fold sets 
with well-developed strain-slip cleavage parallel to F3 axial 
planes. Major F1 folds determine the distribution of the Kittery 
and Eliot Formations in southwestern Maine. Macroscopic F1 
fold hinges have not yet been mapped in the Merrimack Group. 

In the Kearsarge - Central Maine Sequence northeast of the 
Sebago Lake Batholith, F1 folds are large-scale east-facing, 
west-verging recumbent isoclines (Osberg et al., 1985). These 
are refolded by large-scale upright to moderately overturned F1 
folds which are largely responsible for the map pattern. F3 folds 
are small mesoscopic- to macroscopic-scale reclined to strongly 
overturned isoclines with north- to northwest-trending axial 
planes. These folds deform bedding, axial planes, axial-plane 
cleavage of F1, migmatite stringers, and thin concordant peg
matite lenses. They are restricted to the northeast margins of the 
Sebago batholith, and the Lyman pluton (Hussey et al., 1986). 
The zone of F3 folds northeast of the Sebago batholith are what 
the writer referred to as the "Lewiston Fold Domain" (Hussey, 
1981 a). These folds are probably related to migmatization as
sociated with the injection of the Sebago batholith, and to force
ful intrusion of the Lyman pluton. 

Southeast of the Sebago batholith and structurally below it, 
metasediments show very little development of folds correlative 
with F3 and migmatite until the outcrop belt of the Rindgemere 
Formation is encountered at the west edge of the discussion area. 
In the Rindgemere Formation, particularly in the Kezar Falls 
area (Gilman, 1977), migmatization becomes very extensive, 
and deformation is chaotic, seldom with distinction of the dif
ferent fold sequences seen northeast of the Sebago batholith. In 
the area southeast of Sanford, Eusden et al. (1987) describe a 
major northwest-facing, southeast verging recumbent F1 fold, 
the Blue Hills Nappe, which has been refolded by overturned 
southeast-verging F1 folds which largely control the map pattern. 
F3 is a major deflection of F1 fold axes from a northeast to a 
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northwest trend (seen only to the west of the discussion area), 
probably related to the intrusion of the Sebago batholith. 

In the Boothbay area, minor recumbent F1 folds are indi
cated by the distribution of a thin amphibolite unit within the 
Cape Elizabeth Formation of that area. F1 folds which control 
the major map distribution of the formations are upright to 
slightly overturned folds, with which most of the observed tight 
to nearly isoclinal mesoscopic-scale folds are associated. These 
F1 folds correlate with the F1 folds of the Bath - Brunswick -
Portland area. 

Faults 

The major faults of the study area are shown in Figures 2 
and 3. The names of the post-metamorphic faults are given in 
Figure 3. 

Thrust Faults. The contact between the Vassalboro Forma
tion and Falmouth - Brunswick sequence from Falmouth 
northward is the Hackmatack Pond fault of Pankiwskyj (1978b). 
It is interpreted to be a westward-dipping thrust fault on the basis 
of the USGS Quebec - Western Maine Seismic Reflection Profile 
to the northeast of the study area (Stewart et al., 1986). In the 
study area, this fault has been strongly folded (probably during 
the event that produced F3 folds during migmatization). This 
folding has resulted in a southeasterly dip of bedding, foliation, 
and schistosity nearthe Portland-Brunswick segment of the fault 
(Fig. 2). A second west-dipping reflector east of this appears to 
coincide with the Beech Pond fault of Newberg ( 1985) which 
the writer interprets to be a thrust fault contact between the 
Falmouth - Brunswick sequence and the Cape Elizabeth Forma
tion. The contact between the Sebascodegan member of the 
Cushing Formation of the Boothbay Harbor area and Cross River 
Formation is interpreted to be a third major thrust along which 
rocks of the Casco Bay sequence have overridden the Penobscot 
or Benner Hill sequences. This fault is indicated by a well
defined west-dipping reflector on the seismic line suggesting that 
in that area, the fault is unaffected by F1 folds. However, in the 
Boothbay area this fault is clearly folded, and is exposed in two 
doubly-plunging antiforms. The boundary between the Sebas
codegan Formation and the Benner Hill and Penobscot sequen
ces to the east is an easterly dipping thrust originally named the 
St. George Fault by Bickel ( 1976). However, because this name 
is preempted for a major fault in coastal New Brunswick, this 
fault is here renamed the Sennebec Lake fault after Sennebec 
Lake which lies along the fault trace. This fault is clearly 
indicated on the USGS seismic reflection line (Stewart et al., 
1986). 

It is clear from the foregoing discussion that the earlier 
interpretation of the Casco Bay Group as klippe bounded by 
single synclinorially folded thrust fault (Hussey, 1985, Osberg 
et al., 1985) must be abandoned. 

The contact between the Vassalboro and Rindgemere For
mations southwest of Sebago Lake is inferred to be a folded 
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thrust on the basis of differences in relative ages of the sequences 
on either side of the contact. 

High-Angle Post-Metamorphic Faults. The writer has 
mapped northeast-trending post-metamorphic faults extending 
through the Greater Casco Bay area (Hussey, 1971 a,b; 
1981 b,c,d). Three of these, the Flying Point, Cape Elizabeth, 
and Nonesuch River faults (Fig. 3) are correlated with the 
Norumbega fault of Stewart and Wones (1974). These faults 
appear to involve a moderate amount (up to 30 km) of left-lateral 
slip and minor dip slip (Hussey, 1985). A fourth fault, the Back 
River fault (Fig. 3) with apparent left-lateral slip of approximate
ly 1.5 km may be an independent fault or it may be part of the 
Norumbega system. Other post-metamorphic faults are inter
preted to be nonnal faults, commonly downdropped to the 
northwest. 

The Nonesuch River fault has been traced southwestward 
into New Hampshire (Hussey and Newberg, 1978) where it joins 
with the Campbell Hill fault of Lyons et al. (1982). Evidence 
defining the Nonesuch River fault is as follows: 

1) Juxtaposition of the Vassalboro and Cape Elizabeth 
Formations in the Saco-Portland area. 

2) The marked topographic lineament fonned by the Non
esuch River, the Presumpscot River northeast of Westbrook, and 
the short northeast course of the Saco River in the outcrop belt 
of the Saco pluton. 

3) Truncation of metamorphic isograds in the Cape 
Elizabeth Fonnation, resulting in the juxtaposition of staurolite
grade Vassalboro Formation against chlorite to garnet-grade 
Cape Elizabeth. 

4) Structural contortion and quartz veining (locally drusy) 
in the Nonesuch River bed south of Gorham. 

Although positive evidence for the continuation of the fault 
northeast of Yarmouth is lacking, it may possibly extend north
east to join the Pleasant Pond fault of Newberg ( 198 la). 

The Flying Point fault is traced from its junction with the 
Nonesuch River fault south of Gorham, through Brunswick to 
the Richmond area from whence it may extend well beyond the 
discussion area to join with the main break of the Norumbega 
fault to the northeast. In the Portland area this fault juxtaposes 
non-migmatized greenschist facies to low amphibolite facies 
Macworth and Cape Elizabeth Formations on the southeast 
against pegmatite-injected, migmatized upper amphibolite 
facies Falmouth - Brunswick sequence and Vassalboro Fonna
tion on the northwest. Rocks of the Casco Bay Group of similar 
grade and degree of migrnatization southeast of the fault are 
found only northeast of Merrymeeting Bay between Bowdoin
ham and Bath. If movement were strictly horizontal along this 
fault, this would suggest a displacement in excess of 50 km 
assuming that all sequences were metamorphosed at the same 
time, during the Acadian orogeny. Net movement might be 
considerably less if l) net movement includes a significant 
component of dip slip, and 2) metamorphic isograd surfaces and 
migmatite fronts are very gently dipping, or if different terranes 
were independently metamorphosed at different times prior to 

accretion. Splays related to the Flying Point fault can be seen in 
shoreline exposures on the west side of Flying Point in Freeport. 
Here rocks of the Cushing Formation have been brecciated, and 
the foliation contorted and cut by numerous slickensided sur
faces. Slickensides are generally steep, indicating that the latest 
movement was nearly dip slip. 

Evidence for the South Portland fault is the omission of units 
of the Casco Bay Group from South Portland to Great Chebeague 
Island. This is probably a normal fault down-dropped on the 
northwest side. The amount of slip probably does not exceed a 
few hundred meters. 

The Cape Elizabeth fault has been traced by Hussey 
(197la,b) and Newberg (1981) from the Old Orchard Beach area 
to and beyond Dresden. Pankiwskyj (1978b) has traced this fault 
to the northeast into the Norumbega fault of Stewart and Wones 
(1974), and it may merge with the Flying Point fault north of the 
discussion area. The Cape Elizabeth Fault is well-exposed in a 
one-kilometer wide zone along the shoreline of Ram Island Farm 
in Cape Elizabeth. Here exposures of the Cape Elizabeth For
mation show numerous variably-oriented high-angle faults that 
are locally filled with breccia or gouge. The zone includes a 
low-angle, west-dipping thrust fault of unknown but potentially 
significant throw. The major break of the Cape Elizabeth fault 
at Ram Island Fann is occupied by a 5 to I 0 m-thick vein of 
milky quartz traceable approximately 2 km to the northeast, and 
along which different members of the Cushing Formation are 
juxtaposed against the Cape Elizabeth Formation. In the area of 
Harpswell Neck, Harpswell, the offset of the Cape Elizabeth
Cushing contact, and the sillimanite-andalusite metamorphic 
isograd suggest possible left-lateral slip movement of 4 to 5 km, 
but this may also be significantly less if there is a major com
ponent of dip-slip and if the overall dips of the formational 
contacts and the isograd are gentle. 

The Back River fault follows Back River south of Wiscasset. 
It is indicated by I ) the Back River lineament, 2) offset of a 
granite orthogneiss and a thin amphibolite unit in the Cape 
Elizabeth Fonnation, and 3) strong retrograding of biotite to 
chlorite close to the Back River lineament. Left-lateral strike 
slip motion of 1.5 km is suggested by the pattern of offset of the 
amphibolite and orthogneiss. 

The Phippsburg fault has been mapped between Small Point 
and Phippsburg. Althouqh net movement along the fault must 
be very minor, the lineament it forms is very conspicuous. The 
epicenter of the April 1979 earthquake is nearly on strike with 
this lineament. In addition, exposures of the Cape Elizabeth 
Formation along State Highway 127 just east of Bath show 
extensive slickensiding on strike with the lineament (J. Rand, 
pers. comm.). 

The Cousins Island fault is inferred to form the eastern 
contact of the Macworth Formation. This is postulated on the 
basis that Casco Bay Group metapelites are at higher metamor
phic grade to the east than the rocks of the Macworth Formation, 
and that the Macworth Formation truncates regional metamor
phic isograds of these metapelites. 
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Hussey (l981a) and Newberg (1981a) map a high-angle 
fault extending along the linear lowland just west of Oak Hill in 
the Sabattus - Litchfield area. This fault , here named the Max
well Swamp fault, is indicated by both the topographic lineament 
and by the omission of the Waterville Formation between the 
Sangerville and Vassalboro Formations just east of Sabattus. 

In the Hebron area of the Poland Quadrangle Creasy (1979) 
maps a northeast-trending normal fault which he names the Ben 
Barrows fault. The fault is documented on the basis of offset of 
lithic contacts, and silicified and sheared zones within the 
granites of the Sebago batholith. He interprets the Ben Barrows 
fault to be a post-metamorphic normal fault downdropped to the 
northwest and having a dip-slip movement of 1-2 km. 

Twelve kilometers northwest of the Ben Barrows fault, 
Guidotti ( 1965) defined the Moll Ockett fault. It has a trend 
parallel to the Ben Barrows fault and is recognized on the basis 
of l) a sharp topographic break; 2) sharp lithic and stratigraphic 
contrasts on either side of the fault; 3) contrasting structural 
styles and patterns; 4) presence ofbreccia at several places along 
the fault trace; and strong retrograde metamorphism. Guidotti 
regards the fault as a normal fault dipping 60 to 80 degrees to the 
northwest and down-dropped to the northwest. 

Several minor unnamed faults are shown in Fig. 2. Many 
of these are silicified zones for which offset cannot be 
demonstrated. Many minor northwest trending faults in the 
Harpswell area are parallel to left-lateral kink bands (Fs) and 
may represent situations where deformation has exceeded the 
limits of kinking and passed into minor left-lateral strike-slip 
faults. Several intraformational bed-parallel gouge zones, brec
cia zones, slickensided surfaces, and silicified zones have been 
observed in the discussion area, particularly along coastal ex
posures, but are too small to be represented on Figure 2. Of 
notable mention is the concentration of faults along the shore at 
the southwest end of Harpswell Neck. Here faults of unknown 
throw and regional extent are indicated by intraformational 
bed-parallel breccia, a silicified and pyritized zone up to 10 m 
wide, and several northwest trending faults related to kinking. 

Throughout the study area, minor indentations in the 
shoreline often can be shown to be related to minor brittle 
faulting where gouge or loosely cemented breccia has been 
removed by wave action. 

SEISMICITY 

Figure 3 shows the locations of earthquake epicenters be
tween the years 1776 and 1986 (after Chiburis, 1981 ; and 
Johnston and Foley, 1987). Older epicenters are indicated by 
open circles. Younger epicenters, shown by the black-filled 
circles, are those for which Richter values are given, and for 
which epicenters have been determined instrumentally. Loca
tions of older epicenters are those determined by felt effects, 
mostly reported in newspaper accounts, and are subject to con
siderable error in location. 
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The distribution of epicenters shows little relationship to 
major faults, except for an apparent cluster of older events 
between the Nonesuch River and Flying Point faults. More 
recent events form linear arrays of epicenters, generally norther
ly-treading, in the Lewiston area and just east of Sebago Lake. 
The Sebago Lake cluster is located within the limits of the 
Sebago batholith. The cluster near Lewiston extends from the 
edge of the Leeds pluton southward through the complexly 
folded belt of the Sangerville Formation, almost to the Sebago 
pluton. These two belts do not coincide with any mapped faults. 
It is noteworthy that recent events are concentrated mostly in 
the area northwest of a line extending from Waterville to the 
southern end of Sebago Lake. Relatively few recent events are 
found southeast of that line. The area northwest of that line 
approximately coincides with the area of Central Maine Gravity 
gradient (Kane and Bromery, 1966). 

METAMORPHISM 

The stratified rocks of the discussion area have been 
metamorphosed to a low-pressure-intermediate (Buchan type) 
facies series from lower greenschist facies to upper amphibolite 
facies. Pelitic rocks are characterized at intermediate grade by 
the presence of andalusite, cordierite, and staurolite, the latter 
overlapping the stability field of sillimanite. The presence of 
kyanite in the Gorham-Gray area suggests a higher pressure 
metamorphism there. Thomson and Guidotti (1986) postulate 
that the metamorphism that produced the kyanite occurred below 
the base of the sheetlike Sebago batholith. Subsequent regional 
tilting and differential erosion has exposed these deeper levels. 

Peli tic rocks of the Small Point area, now at andalusite and 
sillimanite grades of metamorphism, preserve 2 to 4 cm long 
pseudomorphs of muscovite after chiastolite, suggesting an ear
lier intermediate-grade metamorphic event. 

Retrograde metamorphism has variably affected the entire 
area, and is generally expressed in the partial to complete 
chloritization of biotite and sometimes garnet. Chloritization is 
particularly strong in the vicinity of high-angle post-metamor
phic faults, suggesting a genetic relationship between faulting 
and retrograding. 

TIME OF DEFORMATION AND METAMORPHISM 

Deformation resulting in Ft and F2 folds of the Kearsarge 
Central Maine Sequence is clearly the result of the Acadian 
orogeny of Early Devonian time. These folds affect rocks of 
Late Ordovician and early Silurian age which are, in a broader 
regional basis, part of a conformable sequence of strata ranging 
up to early Devonian age (Osberg et al., 1985). F3 folds of this 
sequence are restricted to the areas on the northeast margins of 
the Carboniferous age Lyman and Sebago plutons (Hussey, 
1986). On the east side of the Lyman pluton the F3 folds are 
mjnor folds with biotite schistosity and axial planes parallel to 
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Figure 3. Locations of earthquake epicenters ( 1776- 1986) and post-metamorphic faults in southwestern coastal Maine. 
Earthquake data from Chiburis (1981) and Johnston and Foley ( 1987). 
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the contacts with the pluton. The schistosity which is nearly at 
right angles to the axial planes of F2 folds dies out within a 
kilometer of the pluton. Clearly, the F3 folds here are related to 
the forceful intrusion of the Lyman pluton. Similarly, the larger
scale northwest to north trending F3 folds northeast of the Sebago 
batholith are interpreted to be structural effects related to the 
emplacement of that pluton. F3 folds in both localities thus are 
of Carboniferous age and only locally developed around the 
upper contacts of the plutons and their country rock. 

The time ofF1 and F2 deformation of the Merrimack Group 
was pre-Middle Ordovician if the radiometric age of the Exeter 
pluton is correct. According to Gaudette et al. (1984) the Exeter 
pluton postectonically intrudes the Kittery and Eliot Formations 
and has resulted in a contact metamorphism that overprints an 
earlier low-grade regional metamorphism. The time ofF3 defor
mation is unknown. 

The deformation of the Casco Bay Group may have oc
curred during a pre-Silurian event, or at the same time as the 
Kearsarge - Central Maine Sequence, during the Acadian 
orogeny in Early Devonian time. The answer to this question in 
part may lie in the association of a metamorphic event with the 
development of F2 folds as described below. 

Metamorphism of the Kearsarge - Central Maine sequence 
is a result of the Acadian orogeny except 1) the high-grade zone 
northeast of the Sebago batholith for which Lux and Guidotti 
( 1985) report a Carboniferous age of metamorphism, 2) the 
Gray/Gorham area southwest of the Sebago batholith, which 
Thomson and Guidotti (1986) interpret to be related to emplace
ment of the Sebago batholith, and 3) the zone of reoriented biotite 
schistosity on the east side of the Lyman pluton. These three 
areas are essentially zones of metamorphism and migmatization 
spatially related to the contact areas of the Carboniferous 
plutons. 

There appears to be no metamorphic discontinuity in the 
metamorphism of the Kearsarge - Central Maine Sequence, and 
the Casco Bay Group (except across the post-metamorphic Non
esuch River Fault). This suggests that the present prograde 
mineral assemblage developed during the Acadian orogeny. A 
well-developed biotite schistosity is associated with the F2 folds 
of the Cape Elizabeth Formation suggesting that the folds 
developed during the Acadian orogeny also. The earlier 
metamorphism particularly as indicated by muscovite pseudo
morphs in the Small Point area may be related to an early phase 
of metamorphism in the Acadian orogeny or to an earlier 
orogeny. 

Major thrust faults and folded thrusts formed during the 
Acadian orogeny. The post-metamorphic Nonesuch River fault 
underwent principal movement, maybe strike slip, prior to 
emplacement of the Lyman and Saco plutons whose contacts 
with their country rock have not been appreciably offset. Reac
tivation of the fault after emplacement of the plutons is suggested 
by the topographic lineaments within the plutons (Hussey and 
Newberg, 1978). This later movement, probably normal, was 
not of sufficient magnitude to offset the contacts significantly. 
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Similarly the post-metamorphic Cape Elizabeth fault appears to 
follow a topographic lineament in the Biddeford p1uton, but 
again, the Biddeford-Berwick contact is not offset appreciably. 
Major motion for this fault must then have predated Car
boniferous time. Other faults in the study area that involve 
normal movement with downdropping to the northwest are the 
Ben Barrows and Moll Ockett faults. This normal faulting 
postdates the Carboniferous Sebago pluton and speculatively is 
correlated with Late Triassic rifting in other parts of the Ap
palachians. 
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ABSTRACT 

The deglaciation of southern Maine in late Wisconsinan time was accompanied by marine submergence of the 
isostatically-depressed coastal lowland. Glacial meltwater streams deposited over 100 Gilbert-type deltas into the 
sea during the transgressive phase of submergence, between about 14,000 and 13,000 yr B.P. These deltas were 
deposited either in contact with the ice margin or very close to it. They are classified into four categories based on 
depositional environment: ice-contact deltas (39% ), esker-fed ice-contact deltas (30% ), leeside deltas (26% ), and 
distal outwash deltas (5% ). Most of the deltas for which subsurface data are available accumulated in water less 
than 80 m deep, and the ice-contact deltas are believed to have formed along a grounded tidewater-glacier margin. 
Bedrock strike ridges and other hills slowed the retreat of the ice margin, causing brief stillstands during which 
deltas were deposited adjacent to these topographic highs. The sequence of glaciomarine deltas in Maine probably 
formed when the transgressing sea had reached its maximum depth and relative sea level was beginning to fall in 
response to isostatic crustal uplift. 

The elevations of the contacts between the topset and foreset beds of 65 deltas in Maine and New Brunswick 
were measured in order to locate the positions of sea level to which the deltas were graded. These elevations were 
plotted and contoured to determine whether the late-glacial crustal uplift pattern has been modified appreciably by 
Holocene crustal movements. The elevation data for southwestern Maine indicate a minimum postglacial tilt of 2.82 
ft/mi (0.53 m/km) in the central Kennebec Valley region, with higher elevations to the northwest. Deltas in eastern 
coastal Maine have anomalously low elevations relative to those in adjacent parts of Maine and New Brunswick. 
The delta elevations in the eastern region may have resulted from variations in the glacio-isostatic tilt direction 
across Maine and/or lowering of relative sea level by crustal uplift as the deltas were deposited. Alternatively, these 
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elevations may define a zone of Holocene crustal subsidence with maximum relative downwarp (at least 40 ft) in the 
Machias-Eastport area. Contouring of delta elevations also revealed variation in the spacing of the contours between 
central Maine and the southern extremity of the state. This variation probably resulted from regional differences 
in the history of late-glacial sea-level change and/or crustal uplift in response to deglaciation. 

INTRODUCTION 

A variety of recent studies suggest that down warping of the 
earth 's crust has occurred in parts of southern Maine during 
Holocene time (Anderson and others, 1984 ). The effects of the 
downwarp are clearest along the coast, where the sea has trans
gressed over man-made structures (Smith and o thers, this 
volume). Leveling data indicate that crustal subsidence during 
the twentieth century has been most rapid -- perhaps as much as 
0.9 m/century -- in eastern Washington County (Tyler, this 
volume). However, until the present investigation, no data were 
available regarding the possible amount of relative downwarp
ing throughout Holocene time. 

Much of southern Maine experienced marine submergence 
during the retreat of the last (late Wisconsinan) continental 
glacier that covered New England. This submergence occurred 
because the earth's crust was still depressed by the weight of the 
ice sheet as deglaciation began, enabling the sea to flood Maine's 
coastal lowland in spite of the lower eustatic sea level of late
glacial time. However, isostatic crustal upli ft occurred rapidly 
as the state was deglaciated (Belknap and others, 1987), with the 
result that g laciomarine deltas formed during the submergence 
now stand at elevations of up to 422 ft* ( 128.6 m) above present 
sea level. We examined these deltas in order to determine 
whether their present elevations are solely the consequence of 
uplift resulting from deglaciation, or whether their positions 
have been modified by Holocene crustal movements. The 
hypothesis to be tested was that prolonged vertical crustal move
ment at the rates that appear to be happening today in Washington 
County should have noticeably changed the elevations of the 
glaciomarine deltas. A map on which these elevations are con
toured should reveal the effects of postglacial tilt, and might also 
show displacement of the isopleths (equal-elevation contours) 
resulting from neotectonic crustal disturbance. The preparation 
of such a map was one of the chief objectives of this study. We 
also collected information on the origin and stratigraphy of 
Maine's glaciomarine deltas, and those findings are presented 
here. 

The first part of the investigation (during 1980-1982) was 
carried out on deltas located between the Maine-New Hampshire 
border and Penobscot Bay (Figure 1 ). The stratigraphy of many 
of the deltas in this region can be examined in gravel pits. 
Moreover, the central part of the coastal zone appears to have 
been an area of relative crustal stability during the period covered 
by Tyler and Ladd's leveling data and perhaps also during most 

• Elevations and related measurements are expressed in feet to facil itate comparison with 
elevations on topographic maps. 
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of Holocene time. Thus, this area is a potential source of 
base-line glac io-isostatic uplift data against which the 
Washington County region can be compared. 

In 1982 the study was extended to the remainder of southern 
Maine, including Washington and eastern Hancock Counties, as 
well as adjacent New Brunswick and New Hampshire. A 
preliminary report by Thompson and others (1983) included a 
map showing the locations of 69 deltas judged to be suitable for 
determining the configuration of the uplifted plane of maximum 
marine submergence. Their map showed the elevation of the 
contact between the topset and foreset beds in each delta, which 
indicates the position of relative sea level when the delta was 
deposited. A number of deltas in remote areas of Washington 
County did not show exposures of the topset/foreset contact, bur 
in some of these cases it was possible to measure the elevations 
of the distal ends of meltwater channels on the delta tops. A few 
prominent wave-cut terraces were also incorporated in the early 
phase of the study. 

The elevation data from which the marine-limit surface was 
contoured have been refined since the preparation of our 1983 
report. We have reevaluated some problematic localities, lo
cated and surveyed fresh pit exposures in certain deltas, and 
utilized new 1 :24,000-scale topographic maps. Figure 2 shows 
the revised contour map of delta elevations, which chiefly com
prises deltas whose elevations have been precisely determined 
by leveling. This map is the focus for much of the discussion 
that follows. Data from coastal New Hampshire are omitted 
from Figure 2 because new and more accurate data on the 
elevations of glaciomarine deltas in this state are presently being 
obtained by the U.S. Geological Survey (C. Koteff, pers. comm., 
1988). The elevations of emerged shorelines that were shown on 
our earl ier map have also been omitted here. Many shorelines 
fit the elevation pattern defined by the deltas, and thus probably 
formed at the upper marine limit, but it is difficult to decide 
exactly which points on shoreline features (wave-cut cliffs and 
terraces) should be surveyed to define the same water level as 
the deltas. 

PREVIOUS WORK ON GLACIAL ISOST ASY 
AND GLACIOMARINE DELTAS IN MAINE 

The presence of marine clay deposits in southern Maine has 
been known since the earliest geological survey of the state by 
C. T. Jackson (I 837). Jackson concluded that these deposits 
reached their present position through uplift of the land, but he 
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Figure 2. Map showing elevations of surveyed glaciomarine deltas in Maine and adjacent New Brunswick. 

was unaware of their glacial origin. The former occurrence of 
continental glaciation in New England was recognized by the 
mid l 800's, and shortly thereafter geologists began to srudy the 
complex interactions of glacial ice with the changing levels of 
the land and sea. 

As noted by Meyer (1986), the concept of lowering of 
eustatic sea level by incorporation of sea water into glaciers was 
not widely accepted until the early 1900 's. However, the idea 
that vertical movements of the continents occur in response to 
the growth and decay of ice sheets appears to have been favorab-
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ly received in the United States by the late 1800's (Flint, 1965). 
The earlier acceptance of the latter theory resulted in part from 
Gilbert's work on the tilted shorelines of pluvial Lake Bonneville 
(Gilbert, 1890). Prior to Gilbert's report, Shaler ( J 874) proposed 
that the geologically recent depression of the land in Maine, 
together with the resulting marine submergence, was due to 
loading by glacial ice. Shaler also estimated the altitude of the 
marine limit at several places in coastal Maine, and he pointed 
out that crustal depression had been greater in Maine than in the 
Boston area. DeGeer ( 1893) measured the altitudes of raised 
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marine shorelines on Mount Desert Island, and coined the term 
"isobase" to refer to contours of equal postglacial uplift on his 
map showing the "last changes of level in eastern North 
America". This map shows northeast-trending isobases in 
Maine, with greater uplift to the northwest. 

Stone (1890, 1899) provided an extensive description of the 
glaciomarine deposits of Maine, including the deltas. He ob
served that several deltas may occur along a single esker system, 
each delta marking a retreatal position of the ice front. Stone 
( 1899) found the altitude of the marine limit to be about 230 ft 
(70. l m) along the present coastline -- a figure that is in close 
agreement with modem estimates for much of the outer Maine 
coast (Figure 2). His determination of the location of the inland 
marine limit (Stone, 1899, p. 484) is also very similar to the 
findings of later workers. However, although Stone knew that 
the inland deltas are higher than those along the coast, he did not 
perceive that the tops of the deltas were graded to the ocean 
surface. Instead he claimed that they formed "at a considerable 
depth beneath sea level" (Stone, 1899, p. 482). This opinion was 
based on the presence of nearby clay and sand deposits, thought 
to be marine, at altitudes higher than the deltas. 

Antevs ( 1928) conducted the first detailed study of marine
li m it elevations in Maine, using topographic maps and 
barometric measurements of raised beaches and deltas. Over 
central to southwestern Maine, the pattern of the 200-, 300-, and 
400-foot isobases shown on his map is broadly similar to the 
contour pattern of Figure 2. Few data points were presented for 
the eastern part of the state, where Antevs extrapolated the 
300-foot isobase northeast to the New Brunswick border. 
Leavitt and Perkins ( 1935) published a second isobase map, 
which remained the most recent compilation of marine-limit 
elevations in Maine until the present study. Their map appears 
to be derived largely from Antevs ' work, but includes some 
additional elevations in eastern Maine. The isobase pattern 
shown by Leavitt and Perkins does not incorporate the low (220 
ft) delta that appears in the eastern portion of their map. Other 
deltas and shorelines have subsequently been found at even 
lower elevations in eastern Maine. Leavitt and Perkins had little 
data on this remote area, but they assumed that it had experienced 
less postglacial uplift. The present study considers the alterna
tive possibility that the eastern part of the coastal lowland has 
subsided following postglacial isostatic uplift. 

DESCRIPTION OF GLACIOMARINE DELTAS 

Geologic Setting 

Radiocarbon dates on shells and seaweed from emerged 
glaciomarine deposits indicate that southern Maine was rapidly 
deglaciated between about 14,000 and 13,000 yr B.P. 
(Thompson and Borns, I 985a, I 985b ). During this period the 
earth's crust experienced residual down warp from the weight of 
the late Wisconsinan ice sheet. The crustal depression caused 

marine submergence that extended far inland from the present 
Maine coast (Figure 3). Large volumes of sediment from the 
melting ice were transported into the sea. The silt and clay-size 
fraction dispersed across the ocean floor, forming a widespread 
deposit known as the Presumpscot Formation, whereas sand and 
gravel accumulated along the ice margin as deltas, submarine 
fans, and stratified end moraines (Thompson, 1982). The dis
tribution of the ice-marginal deposits, from the present coastline 
to the inland marine limit, and their intertonguing with the 
Presumpscot Formation, show that the marine transgression was 
contemporaneous with the generally northward retreat of the ice 
margin. The submergence was short-lived, since isostatic uplift 
caused the sea to recede to the present position of the Maine coast 
by 11,000 yr B.P. (Thompson and Borns, 1985b). Smith (1982) 
and Thompson (1982) have summarized the stratigraphy and 
origin of the glaciomarine deposits. 

Distribution 

This study has identified 100 glaciomarine deltas in Maine 
(Figure 3), but the actual number may be considerably greater -
perhaps more than 150. There are numerous poorly exposed 
sand and gravel deposits of uncertain origin, especially near the 
inland marine limit, that may be deltas. 

Many of the largest glaciomarine deltas are clustered near 
the inland limit of marine submergence in eastern and south
western Maine (Figure 3). The larger number and size of the 
deltas in these areas may be partly the result of slower glacial 
retreat and stillstands as the ice margin became grounded in 
shallow water near the marine limit. Miller ( 1986) proposed this 
explanation for the deposition of the large Pineo Ridge delta 
complex in the eastern part of the state. ln addition, local 
bedrock lithology probably influenced the amount of rock debris 
incorporated into the ice sheet, and in tum the volume of deltaic 
sediments generated by melting of the ice. Most of the large 
deltas are within or southeast of granitic plutons, which were 
readily quarried by glacial ice and yielded vast amounts of sand 
and gravel-size sediment. 

The scarcity of deltas along the present Maine coastline 
probably is the consequence of the greater water depths in that 
area during late-glacial time, which promoted rapid deglaciation 
by calving of icebergs into the sea. Stratified end moraines and 
submarine fans were deposited along the grounding line of the 
ice sheet, but stillstands of the ice margin were generally too 
short-lived to permit meltwater deposits to build up to the ocean 
surface and form deltas graded to sea level. 

Although the late-glacial marine transgression extended far 
up the Kennebec and Penobscot Valleys, few deltas have been 
found in the formerly submerged area of central Maine. The 
reason for their scarcity is unclear. Sizable submarine fans do 
exist along esker systems in this part of the state, and there are a 
few deltas at the marine limit (Figure 3). Perhaps ice retreat 
occurred too rapidly for deltas to build up to sea level. 
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Figure 3. Map showing locations of glaciomarine deltas in relation to the inland limit of late-glacial marine submergence (marine 
limit from Thompson and Borns, 1985a). 

Morphology 

In plan view the outlines of the deltas range from the classic 
fan shape to highly irregular forms. The latter resulted from 
deposition in contact with decaying ice masses and/or the 
presence of hilly terrain (including islands) in the area of delta 
progradation. The Montegail Pond and Meddybemps deltas 
(Appendix A, Nos. 81 and 94) show good examples of sym
metric, arcuate delta fronts (Figure 4). The overall shapes of the 
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deltas are the result of original deposition by glacial meltwater 
streams. Modifications by marine erosion and redeposition are 
usually slight and limited to shoreline features on the frontal 
slopes (discussed below). The proximal sides of the deltas may 
be steep and very irregular where they were in contact with the 
ice margin and have collapsed. 

The area covered by individual deltas typically is between 
0.5 and I 5 km2

. Meltwater distributary channels are present on 
many of the delta plains (delta tops); they are especially 
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Figure 4. Map showing topography of the Meddybemps esker-fed 
ice-contact delta. 

prominent on some of the deltas in eastern Maine that have been 
cleared for blueberry cultivation. The channels head at the 
proximal margins and radiate across the deltas in a seaward 
direction. Some of them terminate before reaching the front 
edge of the delta plain, probably because their di stal ends have 
been truncated by marine erosion in the littoral zone. The 
relationships of channel heads to ice-contact slopes, eskers, and 
gaps in uplands on the proximal sides of the deltas indicate that 
the channels were formed by glacial meltwater streams. The 
channels typically are between 10 and 100 m wide and 1-3 m 
deep. 

Topographic depressions (kettles) occur on most deltas, but 
vary greatly in size, shape, and abundance. They tend to be 
larger and more numerous in the central and proximal parts, 
where sediment was deposited over blocks of stagnant ice that 
subsequently melted (Figure 5). A few kettles may have 
originated from melting of icebergs that lodged against delta 
fronts and were partly or totally eng ulfed as the deltas prograded 
around them. The deeper kettles commonly extend down to the 
water table and contain small ponds, lakes, or bogs. 

Figure 5. Northeastward view across the Franklin delta, showing kettle 
in foreground and uncollapsed delta plain in distance. 

Shoreline features, formed during the late-glacial marine 
submergence, are present on the flanks of some of the deltas. 
The highest of these features are storm berms that have been 
found on the seaward edge of several delta plains. A prominent 
example occurs locally on the south rim of the large delta at 
Pennfield, New Brunswick (Appendix A, No. 99). The berms 
are up to about 3 m high. 

Wave-cut cliffs and associated terraces have been carved by 
marine erosion on the sides of some deltas, and may occur on 
both landward and seaward slopes. Particularly well-developed 
examples can be seen on the fronts of the Pineo Ridge East, 
Columbia Falls, and Pennfield deltas (Appendix A, Nos. 80, 88, 
99) (Figure 6). In all three of these examples, the base of the 
wave-cut cliff (which lies along the landward edge of a broad 
wave-cut terrace) is approximately 5-6 m below the top of the 
delta. These and other wave-cut cliffs are believed to have 
formed during the regression of the sea from its highest stand 

Figure 6. Wave-cut cliff and terrace on front of the Pennfield delta. 
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(Thompson and Borns, l 985b ). However, the significance of the 
shorelines remains unclear. They may represent one or more 
stillstands of sea level, or merely brief erosional episodes result
ing from storms. It is also possible that erosion down to wave 
base carved the terraces before relative sea level fell below the 
altitude of the delta plains. Because of these uncertainties and 
the scattered distribution of the shorelines, we have not at
tempted to correlate them and use them as indicators of crustal 
movement. 

In some instances, deltas have been modified by nonglacial 
streams during or following the offlap of the sea. These deltas 
are situated in valleys where downcutting by meteoric streams 
occurred as relative sea level dropped. Delta surfaces are ter
raced as a result of this process. The higher terraces may be only 
slightly lower than the original delta plains, and thus may be 
mistaken for them. 

Stratigraphy 

Virtually all of the glaciomarine deltas examined during this 
study are "Gilbert type" deltas (Gilbert, 1885, 1890). The Gilbert 
delta forms where streams discharge coarse sediment (sand and 
gravel) into lake or ocean waters, and the sediment supply is 
sufficiently large in proportion to water depth that the deposit 
builds up to the surface of the water body. Some of the coarsest 
sediment delivered to the delta (commonly gravel) is deposited 
in distributary streams that cross the delta plain, forming a 
seaward-thinning sediment wedge consisting of fluvial topset 
beds. 

Sand and gravel that is carried past the distributary mouths 
and accumulates on the relatively steep delta front forms a 
succession of foreset beds. As the delta progrades, the topset 
deposits extend seaward over the older foresets. Therefore, a 
cross section of a glaciomarine delta in southern Maine (as seen 
in many gravel pits) typically shows the distinctive association 
of coarser, sub-horizontal topset beds overlying finer-grained, 
more steeply dipping foreset beds. The latter in tum have built 
out over the bottom set beds, consisting of sand and silt deposited 
on the sea floor (Figure 7). The finest sediment (silt and clay) 
was dispersed into the ocean and settled to form a muddy deposit 
known as the Presumpscot Formation (Bloom, 1960). The three 
units comprising the deltas (topset, foreset, and bottomset beds) 
are described below. 

Topset Beds. The thickness of the topset unit is usually 
between 0.3 and 3.0 m. The topsets consist chiefly of pebble to 
boulder gravel in various proportions, and lesser amounts of 
sand. In many cases the gravel fraction is composed 
predominantly of cobbles and small boulders that must have 
been transported in high-energy streams. (Rarely, boulders as 
large as 1 min diameter occur in the topset unit.) These gravels 
are poorly sorted and massive or weakly stratified. Where 
stratification does exist, it consists of sub-horizontal parallel 
bedding and small to large-scale cross-bedding. Bedding is most 
clearly defined where the topset unit contains sand layers. Dis-
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continuous beds of silt to fine sand that occur in the topsets of 
some deltas may be tidal deposits. However, the tidal range of 
the late-glacial sea and the degree of tidal influence on the 
deposition of the glaciomarine deltas have not been evaluated 
for southern Maine. 

Foreset Beds Foreset beds originated as part of the sedi
ment that was carried past the seaward edge of the delta plain 
accumulated on the delta front. Sediment transport down the 
face of the delta probably occurred by avalanching, grainflows, 
and turbidity flows resulting from the rapid influx of sediment 
at the mouths of distributary streams (J. Boothroyd, pers. comm., 
1986). Vertical sections of foreset beds up to 23 m thick have 
been observed in borrow pits (East Gray delta, Appendix A, No. 
32). Individual sets of foreset beds occasionally can be seen to 
have a lobate form (Figure 8a), and most deltas are thought to 
consist of a series of overlapping foreset lobes. 

The textures of the foreset beds range from very fine sand 
to boulder gravel. The degree of sorting is variable, but many 
foresets are composed of poorly sorted pebbly sand to sandy 
gravel. Stratification is typically well developed except in the 
proximal parts of ice-contact deltas, where coarse gravel was 
deposited by high-discharge meltwater streams at the glacier 
margin. The foresets exhibit parallel bedding within each delta 
lobe, with individual beds being massive or graded and sharply 
bounded (Figure 8b). Observed dip angles offoreset beds com
monly are in the range of 10-30°. 

Locally the foreset beds have been deformed by penecon
temporaneous deformation structures of the types described by 
Reineck and Singh ( 1980). These include a variety of slump 
structures, ranging from slight bending and overturning of the 
foresets to complex folding and faulting where beds have slid 
down the delta front. Rapid sedimentation and overloading or 
oversteepening of the foreset slope was responsible for this 
deformation. "Dish structures" have been observed in the foreset 
beds of a few deltas. These are ruptures of the bedding, produc-

Figure 7. Cross section through the Globe delta. Pit face exposes 
topset, foreset, and bottomset beds. 
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Figure 8. (a) Pit exposure showing lobate foreset beds in the Erskine 
Academy delta. (b) Pit face showing vertical section through foreset 
beds in the Erskine Academy delta. Shovel is about 0.5 m long. 

ing concave-upward structures, that form by escape of water 
"during the consolidation and dewatering of quickJy deposited 
sediments which undergo liquefaction and fluidization" 
(Reineck and Singh, 1980, p. 89). Large dish structures (at least 
1.4 m high) have been observed in sandy foreset beds of the 
Searsport delta (Figure 9; Appendix A, No. 62). 

At a few localities delta foresets are interbedded with silty 
glaciomarine sediment belonging to the Presumpscot Formation. 
More commonly the latter formation overlies the foreset unit. 
The contact between these units may be either sharp or grada
tional. Fossils have not been found in the marine silts that 
intertongue with the foresets, presumably because the influx of 
sediment-laden fresh water created a hostile environment for 
marine organisms while the deltas were being deposited. 

Bottomset Beds The bottomset beds are fine-grained 
proximal sea-floor deposits that accumulated in front of the 
deltas. Many borrow pits are not deep enough or properly 
situated to expose bottomset beds; but where these beds can be 

seen, they are generally sandy, sub-horizontal, and underlie 
foresets that buried them as the delta prograded. The bottomsets 
presumably extend seaward from the delta fronts, but here they 
are concealed by the overlying Presumpscot Formation. 

It is difficult to determine the thickness of the bottomset unit 
from test-hole logs because of the uncertainty in locating boun
daries (which may be gradational) between bottomsets and tex
turally similar foresets. Test borings in southern Maine suggest 
that the bottomset units may attain a thickness of I 0 m, and in 
places are likely to be considerably thicker (Tolman and others, 
1982). Subsurface data also reveal that some deltas have 
prograded over as much as 18 m of glaciomarine silt-clay. 

Depositional Environments 

The glaciomarine deltas in Maine can be classified into the 
following four categories, which are based on depositional en
vironment: (I) ice-contact deltas, (2) esker-fed ice-contact del
tas, (3) leeside deltas, and (4) distal outwash deltas. Each of 
these categories is described below. 

Ice-Contact Deltas. Of the IOI deltas that were located 
during this study, 40 are basic ice-contact deltas. The sediments 
comprising this class were deposited in the sea along the ice 
margin, and there is little or no evidence (such as eskers) that the 
meltwater streams that fed these deltas were confined in engla
cial conduits. A good example of this category is the Pineo Ridge 
East delta in Columbia, Maine (Appendix A, No. 80), where 
distributary channels on the delta plain originate along the 
proximal margin. This side of the delta has a steep ice-contact 
slope along part of its length, and elsewhere heads against the 
Pineo Ridge moraine (Miller, 1986). The latter features mark 
the position of the ice margin when the delta was deposited; to 

Figure 9. Dish structures (center) in fine-grained foreset beds of the 
Searsport delta. Foresets are truncated by a gravel unit (top) which is 
probably a nearshore deposit formed by erosion of the delta during 
regression of the sea. 
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the north there is only the broad basin occupied by the Great 
Heath. Thus it is inferred that the Pineo Ridge East delta formed 
as meltwater streams deposited sediment at the glacier terminus 
during the stillstand in which the accompanying moraine was 
formed. 

As noted by Crossen ( 1984 ), several other characteristics 
indicating an ice-marginal environment may be seen in the 
proximal parts of ice-contact deltas. These are: coarse, bouldery 
gravel, locally containing striated clasts; folds and faults that 
resulted from collapse adjacent to melting ice; and diamicton 
lenses (tlowtills). Crossen also pointed out the close association 
between many of the ice-contact deltas in southwestern Maine 
and strike-controlled bedrock ridges. These deltas were 
deposited while the ice margin was temporarily pinned against 
the bedrock highs. Flowtill deposits on the proximal sides of the 
ice-contact deltas are not as common as might be expected, given 
the close spatial and temporal association of these deltas with 
clusters of end moraines formed along the active ice margin. The 
rarity of tlowtill exposures may be due in part to the locations of 
borrow pits, many of which are not in the ice-contact portions of 
the deltas, and it may be partly the result of much deltaic 
sediment having been delivered by englacial streams (discussed 
below). 

Although the simple ice-contact deltas do not connect with 
esker systems, it has been suggested that meltwater emerging 
from englacial and subglacial tunnels deposited these deltas (J. 
Boothroyd, pers. comm., 1986). Gustavson and Boothroyd 
( 1987) demonstrated the importance of tunnel flow in the 
Malaspina Glacier in coastal Alaska. Most of the stratified 
sediments at the terminus of this glacier were deposited from 
fountains and tunnel mouths along the ice margin. The presence 
of one or more short "tails" of stratified drift extending from the 
proximal margins of several ice-contact deltas in Maine suggests 
that tunnel-mouth deposition, rather than subaerial outwash of 
debris along a broader zone of the ice margin, was at least partly 
responsible for constructing this type of glaciomarine delta. This 
model applies to the Windham Hill delta in Windham (Appendix 
A, No. 26), which is one of the best examples of the ice-contact 
category. The proximal side of Windham Hill consists mainly 
of an ice-contact slope, but a short esker ridge extends 
northwestward from the central part of the delta (Figure 10). 

Esker-Fed Ice-Contact DelJas. Many of the other inves
tigated deltas (30 percent) likewise were deposited at the ice 
margin, and in most respects resemble the ice-contact deltas 
described above. However, this second category is distin
guished by the presence of eskers that connect with the proximal 
margins of the deltas. The eskers mark the paths of feeder 
channels in which sediment was transported to the deltas. Many 
of them are DeGeer-type eskers that were deposited in succes
sive segments. These segments commonly terminate at deltas or 
submarine fans that formed along short-lived ice-margin posi
tions. 

An excellent example of a DeGeer esker and associated 
series of deltas extends from Augusta north to Smithfield 
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(Caldwell and others, 1985). Here there are six ice-contact 
deltas along a 40-km interval of the esker system. These and 
other esker-fed deltas show the same relationship to bedrock 
topography as the non-esker-fed category. Several of the deltas 
north of Augusta are located in gaps that penetrate northeast
trending strike-controlled bedrock ridges, suggesting that the 
deltas were deposited when the ice margin was temporarily 
pinned against these ridges. The Meddybemps delta (Appendix 
A, No. 94) is another outstanding example of the esker-fed 
category (Figure 4). 

Leeside Deltas. The third category of glaciomarine delta 
that occurs in Maine is a distinctive type that comprises 26 
percent of the deltas that were examined. They are called 
"leeside deltas" because they are situated on the lee sides 
(generally to the southeast) of ridges or ranges of hills that 
extended above the ocean surface during the marine submer
gence. Typically these topographic highs have a northeast trend 
that follows the regional strike of bedrock formations and struc
tures. Debris-laden meltwater streams passed through gaps in 
the ridges and built deltas on the southeast sides. Eskers locally 

CONTOUR INTERVAL 20 FEET 

Figure 10. Map showing topography of the Windham Hill ice-contact 
delta. 
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occur on the proximal sides of these ridges, and lead to the gaps 
through which the glacial streams flowed. Some eskers ter
minate at the gaps, while a few continue through them to the head 
of the delta on the seaward side. 

It is apparent that leeside deltas were localized by terrain 
factors in much the same way as ice-contact deltas. The regional 
grain of the topography over much of southern Maine caused the 
ice marg in to become pinned against a succession of ridges. 
Where sand and gravel was deposited direc tly in contact with the 
ice margin, submarine fans -- rather than complete deltas -- often 
were constructed where the stillstands were too brief for sedi
ment accumulation to reach the ocean surface. However, the 
leeside deposits are fully developed deltas because most of them 
were constructed by subaerial streams that reached the sea after 
crossing hi lls that stood above the contemporary sea level. Th is 
circumstance did not permit submarine fan deposition at the 
mouths of ice tunnels. 

The Irish Hill delta in Monroe (Appendix A, No. 60) is a 
fine example of the leeside category (Figure 11 ). The feeder 
stream for this delta flowed through the narrow col between Irish 
and Clement Hills and deposited the delta immediately to the 
east. Another example is the East Gray delta (Appendix A, No. 
32). The paths of feeder streams for the latter delta are marked 
by meltwater channels that cross the ridge extending from Colley 
Hill southwest to Gray village. A very large kettle -- about 30 m 
deep -- occurs on the East Gray delta, and kettles are common in 
the central and proximal parts of other leeside deltas as well. 
This characteristic prompted Crossen ( 1984) to call them "ridge 
and kettle deltas". She concluded that the kettles resulted from 
collapse of deltaic sediments deposited over ice blocks that had 
been stranded in the lee of the ridges. 

Distal Outwash Deltas. Only fi ve of the deltas located 
during this study were classified as the distal outwash type, 
having formed where meltwater streams flowed down a valley 
and entered the sea a t some distance from the ice margin. Three 
of the distal out wash deltas (Appendix A, Nos. 14, 15, 17) are 
located in the Hollis-Standish area, at or near the inland marine 
limit in the Saco River basin. Of these, the North Hollis and 
South Hollis deltas head in zones of complex ice-contact 
deposits and may be at least partly esker-fed. The kettled Saco 
delta likewi se may be ice-contact to some degree. 

The rarity of valley-train outwash deltas, free of ice-contact 
influences, is at first surprising in view of the numerous valleys 
that could have carried outwash to the sea from ice-margin 
positions above the marine limit. However, this scarcity probab
ly can be explained by the timing and geographic circumstances 
of ice retreat and isostatic crustal uplift . The inland limit reached 
by the late-glacial sea was restr icted not only by the distribution 
of lowland areas, but also by the crustal uplift that is thought to 
have been in progress during deglac iation. Several valleys in the 
vicinity of the marine I imit, such as the upper Kennebec Valley, 
contain marine clay (Presumpscot Formation) overlain by out
wash sand and gravel. The latter deposits were graded to a 
falling sea level as uplift arrested the marine transgression and 
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Figure 11 . Map showing topography of the Irish Hill leeside delta. 
Arrow indicates meltwater channel that carried sediment from the 
glacier margin northwest of the hills. De lta plain is at elevation of about 
320 ft; higher areas protruding above the delta surface are till and 
bedrock. 

caused the shoreline to start receding. Thus, tluvial sedimenta
tion and local terracing of earlier glaciomarinc deposits replaced 
the deeper-water fan/delta environment as the receding ice mar
gin separated from the sea along the inland marine limit. If the 
maximum submergence had persisted longer in central Maine, 
more outwash deltas could have formed in valleys that drained 
interior regions. 

Water Depth During Deposition of Deltas 

In try ing to reconstruct the environment in which the 
glaciomarine deltas were deposited, it is important to know 
whether the ice margin was grounded or floating. It is im
probable that deltas could have been graded to sea level if the 
g lacier margin was a floating ice shelf. In the la tter case, the only 
way to concentrate large volumes of deltaic sediments would 
have been by deposition at tunnel mouths along the glacial 
grounding line, where meltwater currents emerged under 
hydrostatic pressure. This mechanism could have deposited 
much of the sand and gravel in submarine fans and strat ified end 
moraines (Thompson, 1982); but complete deltas , with topset 
beds graded to sea level, could not have formed if an ice shelf 
extended seaward from the ground ing line. 

Moore (1982) proposed that the g laciomarine deltas in 
coastal New Hampshire were in fact deposi ted as "grounding 
line deltas" beneath a confining ice shelf. However, hi s model 
does not explain certain characteristics of Maine deltas that 
indicate subaerial deposition controlled by sea level. Many of 
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the deltas have broad, flat tops; and meltwater distributary chan
nels are generally graded to a common level along the distal 
margin of each delta. Moreover, the non-ice-contact leeside and 
distal outwash deltas are located in settings where Moore 's 
model does not apply. 

Crossen ( 1984) reviewed previous workers' observations on 
water depths adjacent to grounded versus floating glacier mar
gins in modern environments. The literature suggests that, 
depending on ice thickness and other local circumstances, some 
ice margins remain grounded in water as deep as 450 m, while 
floating ice tongues have been observed in water as shallow as 
155 m. 

In order to determine the maximum possible water depths 
in which the Maine deltas were deposited, we examined the 
results of test borings and seismic-refraction surveys that were 
carried out on many deltas during gravel aquifer investigations 
(Tolman and others, 1982; Tepper and others, 1985; Williams 
and others, 1987). Figure 12 shows the maximum depth to 
bedrock (or, in a few cases, depth to till) recorded in 53 deltas. 
The actual water depths in which these deltas formed would have 
varied at each locality, depending on the sub-delta topography 
and possible presence of underlying sediments that were too thin 
to be detected in seismic surveys. Nevertheless, the depth-to
bedrock data approximately indicate the range of water depths. 
It is apparent from Figure 12 that nearly all of the deltas for which 
data are available were deposited in maximum water depths of 
I 0-80 m. Depths to bedrock of20-40 mare most common, while 
the greatest recorded depth is I 04 m (Appendix A, No. 31 ). 

The above data indicate that the glaciomarine deltas were 
deposited in shallow water, and lead us to conclude that they 
formed adjacent to the grounded margin of a tidewater glacier. 
As the ice marg in receded inland, shallow conditions at first were 
encountered locally over topographic highs, and then became 
more widespread in the vicinity of the inland marine limit. The 
concentration of large deltas that accumulated as ice retreat 
slowed in this area is readily apparent on the Surficial Geolog ic 
Map of Maine (Thompson and Borns, l 985a). 

Relationship of Deltas to Changing Relative Sea Level 

It has been demonstrated that most of the glaciomarine 
deltas in Maine were deposited immediately adjacent or very 
close to the margin of the late Wisconsinan ice sheet. They 
formed in a time-transgressive manner as the glacier margin 
retreated from the coastal lowland between 14,000 and 13,000 
yr B.P. They are largely clustered in a zone that extends only 
about 70 km inland from the outer coast (Figure 3); and the 
limited available data on the timing of deglaciation (Thompson 
and Borns, 1985a) suggest that deltas could have been deposited 
near the marine limit in central Maine at about the same time 
(close to 13,000 yr B.P.) that deltas were forming much closer to 
the coast in eastern and southwestern parts of the state. How
ever, it is unlikely that sea level remained static during this period 
of delta construction, considering the rise in eustatic sea level as 
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Figure 12. Histogram of maximum recorded depths to bedrock or till 
beneath glaciomarine deltas. 

global ice sheets melted and the isostatic crustal uplift that was 
occurring when the ice had retreated from the continental shelf 
and thinned to a large extent. 

Several lines of evidence show that nearly all of the Maine 
deltas were deposited either during the highest stand of late-gla
cial relative sea level or during the ensuing regression caused by 
crustal rebound. First, silty ocean-floor sediments (Presumpscot 
Formation) commonly mantle the delta fronts, but do not cover 
the tops of any deltas. This would not likely be the case if the 
deltas had been drowned by a rising sea level soon after their 
formation. Second, well-preserved kettles and meltwater chan
nels occur on the tops of many deltas; these features would have 
been destroyed or greatly modified by a postdepositional sea
level rise. Moreover, there is at least one locality (Pineo Ridge 
East delta) where meltwater channels crossing a delta have been 
terraced because sea level fell while the channels were still 
carrying water from the adjacent ice margin. Finally, com
parison of the elevations of delta topset/foreset contacts suggests 
that -- over most of Maine -- they were graded to a regressing 
sea. These elevation data are discussed below. 

The above generalizations hold for the majority of the deltas 
in Maine, but possible exceptions have been discovered in the 
vicinity of the Maine-New Hampshire border. At the Berwick 
delta in southern York County (Appendix A, No. I) a pit exposure 
seen in 1986 showed 1.2 m of sand and gravel overlying the 
topset beds. This sand and gravel unit exhibits sub-horizontal 
bedding, in contrast to the fluvial cross-bedding of the topsets, 
and is interpreted as a marine shoreline or nearshore deposit 
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fonned by reworking of the topsets. The Berwick delta may 
have been overwashed during stonns, or it may have been 
drowned if eustatic sea-level rise exceeded the rate of isostatic 
crustal uplift during the early part of Maine's deglaciation. In 
either case, the veneer of reworked sand and gravel capping the 
delta was derived from partial erosion of the topset beds. C. 
Koteff (pers. comm., 1986) has found similar marine deposits 
extending across the tops of glaciomarine deltas in coastal New 
Hampshire. The high shoreline or nearshore deposits, together 
with the scarcity of meltwater channels on the deltas of this area, 
suggest that eustatic sea-level rise kept pace with -- or even 
exceeded -- crustal rebound as the ice margin receded from the 
southern tip of Maine and adjacent New Hampshire. This situa
tion would have been short-lived, since rebound became 
dominant and caused relative sea level to fall as the remainder 
of southern and eastern Maine was deglaciated. 

DELTAS AS SEA-LEVEL INDICATORS 

Figure 2 shows the locations of deltas that were surveyed to 
detennine the elevation of the upper limit of marine submer
gence at their respective locations. These elevations are listed 
in Appendix A. Most of them were precisely determined by 
leveling from the nearest usable bench mark or surveyed road 
intersection. The resulting measurements were rounded to the 
nearest foot. A few elevations recorded by surveying altimeter 
are also included in Figure 2, but they may be in error by as much 
as several feet. 

The contact between the topset and foreset beds in each delta 
approximates the water level to which the delta was graded. 
Depending on local circumstances, this topset/foreset boundary 
may have developed at a shallow water depth (probably not more 
than 1-3 m below actual water level); but it certainly is not higher 
than the contemporary sea level. Gustavson and others (1975) 
made the following observation regarding topset/foreset con
tacts in glaciolacustrine deltas: 

"The contact between topset and foreset beds in glaciolacustrine deltas 
is erosional and has at times been taken to correspond to the elevation 
of the lake into which the delta was built. Pleistocene lake levels have 
been recorded to within a fraction of an inch based on this contact. The 
topset/foreset contact actually records the position of the channel bottom 
of the stream that supplied sediment to the delta and is always some 
distance below the actual lake level." 

Considering the above observation, the authors surveyed the 
highest exposed point on each contact and plotted only the 
maximum values on Figure 2. This procedure was intended to 
achieve a greater consistency in the elevation data, especially 
since the influence of tidal range on the topset/foreset contact is 
unknown. 

Sand and gravel pits are common in southern Maine, so at 
least one exposure of the topset/foreset contact could be found 

in many deltas. Where suitable exposures are lacking, meltwater 
channels on the delta tops locally provide an approximate 
measure of sea level. The channels could have extended into 
shallow marine waters and thus indicate a minimum sea-level 
elevation (as do the topset/foreset contacts, which represent the 
lower limit of channel erosion). On the other hand, the proximal 
portions of the channels were subaerial and lie above the con
temporary sea level. The poorly understood influence of tidal 
fluctuations during deposition of the deltas is yet another factor 
to be considered. Because of these complexities, the authors 
measured meltwater channels only where the topset/foreset con
tacts were not exposed. The scarcity of bench marks and other 
points of known elevation hindered the use of channels in remote 
parts of eastern Maine. 

Problems that became evident while measuring delta eleva
tions are summarized here in order to provide a better under
standing of the data base used in compiling Figure 2. Parts of 
some deltas have obviously collapsed during melting of glacial 
ice masses with which they were in contact. These sites were 
avoided, but a few other topset/foreset contacts that had been 
slightly collapsed (and appeared undisturbed) were inadvertent
ly included in the earlier results of Thompson and others ( 1983). 
The data obtained from these deltas account for some of the 
anomalously low elevations on our 1983 map. Sites where this 
problem was recognized have been resurveyed, often with the 
benefit of better pit exposures. 

Difficulty in the identification of topset/foreset contacts 
may arise where marine or fluvial erosion has modified deltas 
subsequent to their deposition. Marine erosion during the offlap 
of the sea formed wave-cut terraces (commonly veneered with 
gravel) high on the flanks of some deltas. Excavations in these 
terraces reveal stratified beach sediments overlying eroded 
foreset beds. A good example of marine terracing occurs on the 
delta at Pennfield, New Brunswick (Appendix A, No. 99). A 
large borrow pit in the southwestern extremity of this delta shows 
a gravel layer that resembles a topset unit and overlies foreset 
beds (Figure 13). However, the flat ground surface at the top of 
the pit can be traced eastward as a wave-cut terrace on the front 
of the Pennfield delta (Figure 6). The false topset/foreset contact 
has a maximum elevation of 203 ft (61.9 m), in contrast to a 
definite contact at 231 ft (70.4 m) in a pit located on the north 
side of Route 1, 0.8 km east of Pennfield Corner. 

The shoreline deposits on terraced delta fronts often can be 
distinguished from topset beds if there is a good exposure. The 
contact between these sediments and the underlying foreset beds 
commonly dips seaward at a steeper angle than a sub-horizontal 
topset/foreset contact. Bedding within the shoreline unit 
generally has a steeper dip than topset beds, may be convex-up
ward, and often terminates against the contact with eroded 
foresets. In places a lag concentrate of cobbles and boulders 
occurs along this contact. Finally, the multi-directional, small
scale fluvial cross bedding present in many topset units has not 
been observed in the shoreline deposits. 
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Figure 13. Marine shoreline gravel (top) on wave-cut terrace truncating 
foreset beds of the Pennfield delta. 

When spurious topset/foreset contacts of the type described 
above had been eliminated, there was still considerable dis
crepancy among some groups of closely spaced elevation meas
urements. In two cases the surveyed elevations from individual 
deltas varied by 3 m, with the higher elevations recorded in the 
proximal parts of the deltas. It is unlikely that crustal rebound 
would have lowered relative sea level as much as 3 m during 
construction of the small deltas on which these variations were 
noted; but it is equally implausible that the topset/foreset contact 
would dip seaward unless base level dropped as the delta 
prograded. Reexamination of one of these problematic deltas (in 
Montville, Figure I; Appendix A, No. 58) revealed a subtle 
fluvial terrace on the southeastern part of the delta top. It 
probably was carved by the nearby stream in early postglacial 
time, as uplift was just starting to elevate the region above 
contemporary sea level. The thin veneer of terrace gravel 
deposited on the eroded delta foresets was mistaken for a top
set/foreset association. 

Other anomalous delta elevations were the result of foreset 
beds being mistaken for topsets. This error may occur in shallow 
pits and other places where only the uppermost part of the 
foresets can be seen. Individual groups (sets) of parallel foreset 
beds may be only 1-2 m thick in the upper part of a delta, where 
they were deposited in shallow water. A vertical succession of 
these thin foreset lobes can form a larger package (coset) that is 
several meters thick, as in the Meddybemps delta (Appendix A, 
No. 94). In places where only the uppermost set is visible, the 
stratification in the foresets may be confused with the fluvial 
cross-bedding of the topset unit. 

Recognition of the above sources of error has explained 
some of the unusually low delta elevations obtained earlier in the 
study. Our revised topset/foreset contact elevations are listed in 
Appendix A. These data were used to contour the uplifted, 
time-transgressive marine-limit surface in southern Maine, 
shown in Figure 2. 
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SYNTHESIS AND INTERPRETATION OF 
GLACIOMARINE DELTA ELEV A TIONS 

Methodology for Contouring and Interpreting Elevations 

Sixty-nine deltas were surveyed in order to determine the 
present elevation of the late-glacial sea level to which they were 
graded (Appendix A). The coordinates of the surveyed sites are 
listed in Appendix B. Seven of the deltas were measured by 
altimeter, and the rest were precisely surveyed. Most of the 
elevations were obtained from topset/foreset contacts, but 
meltwater channels were used in four cases where exposures of 
the topset/foreset contact were lacking. 

The delta elevation contours in Figure 2 are isopleths rather 
than true isobases. This is because the present elevations of the 
deltas are the consequence of several interacting processes, 
rather than the simple uplift of a sea-level plane that had been 
static during ice retreat. Moreover, the contours in Figure 2 are 
diachronous and should not be construed as representing succes
sive ice-margin positions during deglaciation. Only the highest 
elevations in any particular area were used in drawing the 
contours, since these data provide the closest approximation to 
sea level during the maximum marine submergence. The delta 
elevation contours are further constrained by the fact that no 
delta can be higher than the contoured marine-limit surface. A 
contour interval of 20 ft (6 m) was selected, and the original 
compilation was done on a I :500,000-scale map of Maine. 
Figure 2 is a reduced version of this map. 

A number of the deltas shown in Figure 2 are lower than the 
adjacent contoured surface. Most of these remaining discrepan
cies are probably due to local variations in former meltwater 
channel depth above the surveyed topset/foreset contacts, though 
there may be some complications resulting from the sources of 
error described above. The delta elevation contours in Figure 2 
represent a smoothed surface based on data points judged to be 
closest to former sea level. In several cases where more reliable 
survey points superseded earlier data, the new measurements 
were closer to this surface. 

If the crust in southern Maine has simply been uplifted and 
tilted by postglacial isostatic adjustment, then the delta elevation 
contours in Figure 2 should be parallel and have an overall 
northeast-southwest orientation (normal to the flowlines of the 
late Wisconsinan ice sheet). Large-scale vertical crustal move
ments that are unrelated to glaciation would be expected to 
change the spacing and orientation of the contours. However, 
contour spacing might also vary because of the events related to 
glaciation, such as changes in eustatic sea level, crustal rebound 
rate, or the rate of ice-margin retreat while the deltas were being 
deposited. For example, Figure 14 illustrates the influence that 
varying uplift rates would have had upon the present elevation 
gradients of the deltas. The relative importance of these vari
ables is difficult to evaluate. The lack of organic material in the 
deltas hinders the determination of their chronologic sequence, 
and the magnitude and rate of eustatic sea-level rise during the 
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Figure 14. Schematic diagrams showing the effect of different isostatic crustal uplift rates on the present elevation gradient of 
glaciomarine deltas. (A) Partial rebound occurs between deposition of ice-contact delta I at time t1 , and delta 2 at ti . accompanied 
by a 20-km retreat of the ice margin during interval ti-12. (8) Rebound is complete. Final elevation gradient between deltas is 0.8 
m/km, although differential uplift between points I and 2 was 1.0 m/km. (C) Greater rebound occurs during interval t i-t2. Other 
variables are assumed to be the same as in A. (D) Rebound complete. Differential uplift is unchanged from 8 , but elevation gradient 
between deltas is only 0.6 m/km. (Estimated position of late-glacial eustatic sea level [approximately -70 mJ is from Belknap and 
others, 1987.) 
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period of delta formation are unknown. In view of these uncer
tainties, the isopleth patterns obtained by contouring delta eleva
tions (Figure 2) must be interpreted with caution. Elements of 
this pattern that may appear to have a neotectonic origin should 
also be considered as possibly having resulted from the glacial 
processes outlined above. 

In order to test the validity of the contour pattern shown in 
Figure 2, the delta elevations were subjected to a trend-surface 
analysis. This analysis included all of the elevation data points 
except the Norridgewock delta (Appendix A, No. 10 I), which 
was discovered near the end of our study and whose elevation 
has not been precisely determined. First-degree through sixth
degree trend surfaces were fitted to the data. The correlation 
coefficients for these surfaces range from 0.92 (first degree) to 
0.98 (third degree), indicating a close fit to the delta elevations. 
Figure 15 shows the third-degree trend surface, and Figure 16 is 
a contour map of the residuals from this surface (deviations of 
individual data points above or below the trend surface). The 
results of the trend-surface analysis are compared with Figure 2 
in the discussions that follow. 

Regional Patterns of Delta Elevations 

The delta elevation contours in Figure 2 trend generally 
northeast-southwest. They are approximately parallel to the 
coastline over much of southwestern Maine, and normal to the 
southeastward direction of late Wisconsinan ice flow. As one 
proceeds into the Penobscot Valley region in central Maine the 
contours trend more northerly. This shift in direction is assumed 
to be gradual, but there is little control on the contours north of 
Bangor, where there are few glaciomarine deltas. The northward 
curvature across central Maine is based on deltas south and east 
of Bangor (including some that could not be surveyed) and the 
isolated pair of surveyed deltas near Millinocket. The northerly 
trend of delta elevation contours becomes more pronounced in 
eastern Maine (Figure 2). Here the pattern is complicated by an 
indentation of the contours. Delta elevations are lower as one 
proceeds eastward across Washington County, reaching a mini
mum of 193 ft (58.8 m) near the Canadian border. Then they rise 
to 231 ft (70.4 m) a short distance farther east in New Brunswick. 
Possible interpretations of this anomaly are discussed below. 

The marine limit surface contoured in Figure 2 has a dip 
direction of 155° in extreme southwestern Maine, 145° at Augus
ta, and 120° midway between Bangor and Millinocket. These 
azimuths are similar to dip directions obtained from the trend 
surface (Figure 15) for the same areas of the state: 150°, 142°, 
and 125°, respectively. If these directions indicate the actual 
postglacial crustal tilt, then the isostatic uplift pattern in south
western to central Maine suggests that the late Wisconsinan ice 
sheet radiated across the state from a spreading center located in 
the direction of southern Quebec. Supporting evidence for this 
flow pattern is provided by bedrock striation data that show 
widespread evidence of eastward glacial flow over northern 

58 

Maine, in contrast to more southerly flow in the southern part of 
the state (Thompson and Borns, l 985a; Lowell and Kite, 1986). 

In southeastern Quebec, elevation contours of the Fort Ann 
level of glacial Lake Vermont and the ensuing Champlain Sea 
submergence show patterns similar to Figure 2. The isopleths 
indicate southeastward crustal tilt (toward western Maine) in the 
Asbestos area, but curve as they are followed southwestward, 
showing a more southerly tilt in the Lake Champlain region 
(Parent and Occhietti, 1988). Work by Shilts (1981) in the Lac 
Megantic area of southeastern Quebec (near the Maine border) 
demonstrated that the principal late Wisconsinan glacial flow 
direction was toward the east-southeast. Again, this is consistent 
with the southeast tilt in central Maine suggested by Figure 2. A 
late-glacial residual ice cap persisted in northern Maine (Lowell, 
1985), but the degree to which this lingering ice mass affected 
crustal rebound and sea-level history of areas nearer the coast is 
not known. 

The delta elevation contours in Figure 2 enable a minimum 
estimate of the amount of crustal tilt resulting from glacio-isos
tatic uplift. The gradient of the marine-limit surface was 
measured in the central Kennebec Valley region, where the 
contours have a relatively uniform orientation. It averages 2.82 
ft/mi (0.53 m/km) over a distance of 35.5 mi, measured along a 
normal passing through Augusta and connecting the 300- and 
400-ft contours. A nearly identical gradient of 2.75 ft/mi (0.52 
m/km) was obtained from the trend surface in Figure 15. On the 
latter map we measured the gradient along a normal through the 
340-ft contour at Augusta, connecting the 230 and 360-ft con
tours. The higher trend-surface contours were not included 
because the curvature near the southwest ends of these computer
generated lines appears to be a boundary effect. Moreover, 
inclusion of the recently discovered Norridgewock delta (Ap
pendix A, No. I 0 l) probably would cause at least the 
northwestern part of the trend surface to be slightly steeper than 
shown in Figure 15. 

The marine-limit gradient of2.82 ft/mi is slightly more than 
half the uplift gradient of 4.74 ft/mi (0.90 m/km) recorded by 
surveying glacial Lake Hitchcock deltas in the Connecticut 
Valley to the west (Koteff and others, 1988). The ice-contact 
deltas of Lake Hitchcock were graded to an essentially static 
water level. They provide a good measure of postglacial tilt over 
a sizable part of western New England, especially if isostatic 
uplift did not occur until after they had been deposited, as 
proposed by Koteff and others ( 1988). These authors found the 
tilt direction in the Connecticut Valley region to be 159-160°, 
which is more southerly than the direction that we obtained for 
the southwestern extremity of Maine (150-155°). 

The lesser elevation gradient of the glaciomarine deltas in 
Maine (compared to the glacial Lake Hitchcock deltas) supports 
the concept that crustal uplift was in progress and causing 
relative sea level to fall as southern Maine was deglaciated. 
Successive deltas were graded to this lowering sea level and 
presently have a gentler elevation profile than ifrelative sea level 
had been static or rising. 
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Anomalous Delta Elevations in Eastern Maine and 
Adjacent New Brunswick 

The configuration of the delta elevation contours in Figure 
2 shows an anomalous embayment in the vicinity of the Maine
New Brunswick border. Although only a few deltas could be 
located and surveyed on the New Brunswick side of the border, 
the contour pattern shown in Figure 2 is believed to be generally 
valid. For example, the 220-ft contour is constrained by the 
deltas at Columbia Falls (235 ft), Meddybemps (203 ft), St. 
Stephen, New Brunswick (2 12 ft) , and Pennfield, New 
Brunswick (23 1 ft). A similar anomaly is present in the elevation 
contours of the trend surface (Figure 15). The trend-surface 
contours in the border region are not as low as in Figure 2, but 
the residuals from this surface (Figure 16) show a negative 
deviation of at least 20 ft in eastern Maine. 

The marine-limit contours in the Maine-New Brunswick 
border region are transverse to the end moraines shown by 
Thompson and Borns (I 985a) and Rampton and others ( 1984 ). 
Ice-marginal deposits in this area include the late-glacial Pineo 
Ridge moraine system (Figure 1 ), which is a series of deltas, 
submarine fans, and closely spaced moraine ridges that can be 
traced eastward across Washington County, Campobello Island, 
and possibly to the Pennfield delta (Thompson and Borns, 
l 985b ). We propose two explanations to account for the eleva
tion pattern of glaciomarine deltas near the New Brunswick 
border. The embayment of the contours may have resulted from 
processes related to deglaciation, including the crustal tilt direc
tion and chronology of ice-margin retreat. Alternatively, the 
contour pattern may define a zone of postglacial crustal sub
sidence, the axis of which trends northward through the Eastport
Calais area in Washington County. 

Postglacial tilt toward the east-southeast is compatible with 
Figures 2 and 15, as well as the striat ion pattern in northern 
Maine (discussed above). This tilt direction might explain the 
eastward decrease in marine-limit elevations along the Pineo 
Ridge moraine system. The Pineo Ridge East and Columbia 
Falls deltas (Appendix A, Nos. 80 and 88) appear to have formed 
simultaneously as part of this system, and thus were probably 
graded to the same sea-level position. However, the upper 
marine limit determined from the Pineo Ridge East delta is 25 1 
ft (76.5 m), whereas the elevation indicated by the Columbia 
Falls delta -- 12 km to the east -- is 235 ft (7 1.6 m). A further 
decrease in the marine limit as one follows the Pineo Ridge 
system eastward is suggested by raised shoreline deposits at 
about 200 ft (61 m) in East Machias. Perhaps these sea-level 
indicators originally were at the same elevation, and then were 
differentially uplifted as crustal tilt occurred. The east
southeastward tilt would have been a consequence of the earlier 
mass distribution of the late Wisconsinan ice sheet in Maine, 
rather than the late-glacial ice configuration when the Pineo 
Ridge moraine system was deposited. 

The relationship of glaciomarine delta elevations in eastern 
Maine to those in adjacent New Brunswick is not well known, 
though the glacial histories of these two areas are very similar. 
Ice-flow indicators in southern New Brunswick trend south to 
southeast, and the late Wisconsinan ice margin retreated to the 
northwest (Rampton and others, 1984 ). Moraine patterns imply 
that the Pennfield delta and Pennfield moraine in coastal New 
Brunswick are the same age as, or slightly younger than, the 
Pineo Ridge moraine system (Rampton and others, 1984; 
Thompson and Borns, I 985a). With either a constant or falling 
relative sea level during formation of these deposits, a dominant
ly eastward postg lacial tilt across the region would have caused 
the Pennfield delta to be considerably lower than the Columbia 
Falls delta in the Pineo Ridge system. However, the Pennfield 
delta is only 4 ft (1.2 m) lower than the one at Columbia Falls. 
This similarity suggests that the delta elevation gradient in the 
vicinity of the Maine-New Brunswick border is not simply the 
result of eastward crustal tilt. 

Rampton and others (1984) claimed that relative sea level 
first rose and then fell as the ice margin receded from the St. 
George, New Brunswick, area (Figure I ). Their highest delta is 
the Pennfield delta, with a surface elevation of73.5 m , followed 
chronologically by the Utopia (66 m) and McDougall Lake (62 
m) deltas as the ice margin retreated northwestward. Gadd 
( 1973) proposed an identical sequence for these deposits. He 
also described an ice-margin position of the "Bethel-Pocologan 
Phase", which is intermediate in age between the Utopia and 
McDougall Lake deltas. During the present study we obtained 
elevations that agree well with those of Rampton and others 
( 1984), keeping in mind that we surveyed topset/foreset contacts, 
which are slightly lower than the delta tops. The sea-level 
positions indicated by the Pennfield, Utopia, and Bethel deltas 
are a t elevations of 23 1 ft (70.4 m), 212 ft (64.6 m), and 207 ft 
(63. l m) respectively (Figure 2). Thus, our results support the 
concept of lowering relative sea level resulting from crustal 
uplift as the ice margin withdrew from the Pennfield delta. 
Perhaps th is drop in sea level also was responsible for the low 
elevations of the deltas north of the Pineo Ridge moraine system 
in Maine. 

The delta elevations shown in Figure 2 are largely the 
product of g lacio-isostasy and related sea-level change, but it is 
possible that they have been modified by Holocene crustal 
downwarping in the vicini ty of the Maine-New Brunswick bor
der. The contour pattern in Figure 2 is similar to Tyler 's pattern 
of crustal subsidence velocity contours (this volume). The con
tours on his map trend north-northeast across Washington Coun
ty and show rates of modern crustal subsidence that increase 
eastward to a maximum in the Eastport area. If the g laciomarine 
delta elevations in this part of Maine can be taken as a measure 
of net Holocene down warping, Figure 2 indicates that Eastport 
has subsided 40 ft ( 12.2 m) or more relative to neighboring parts 
of the Maine-New Brunswick coast. This estimate is based on 
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comparison of the inferred marine limit at Eastport ( 190 ft or 
less) with the 231-235 ft delta elevations at Mount Desert Island, 
Columbia FaJls, and Pennfield, New Brunswick. However, the 
actual amount of any down warping might be less, depending on 
the direction and gradient of glacio-isostatic tilt. 

Della Elevations in Southernmost Maine 

The delta elevation contours in Figure 2 are somewhat 
evenly spaced over most of Maine, but are closer together in the 
Sanford-Berwick area in the southern extremity of the state. A 
similar, though less pronounced, pattern is evident from the 
trend-surface analysis (Figure 15). Figure 2 indicates an eleva
tion gradient of approximately 5.7 ft/mi ( 1.08 m/km) in this part 
of Maine, as measured between the 220 and 260-ft contours. The 
gradient for the corresponding area in Figure 15 is only about 
3. 1 ft/mi (0.59 rn/km). The contour spacing in Figure 2 is 
thought to be reliable in this part of Maine, since it is based on 
survey data from a series of deltas with clearly defined top
set/foreset contacts. 

The close spacing of the elevation contours in the Sanford
Berwick area possibly could indicate a flexure of the marine
limit surface resulting from Holocene crustal subsidence along 
the coast. Analysis of geodetic leveling data by Tyler (this 
volume) indicates that modem subsidence may be occurring in 
this part of Maine at a rate of up to 3 mm/yr. Alternatively, the 
lesser elevation gradient of the deltas north of Sanford may be 
due to faster isostatic uplift during deglaciation of the latter area, 
which would have caused more rapid lowering of relative sea 
level (Figure 14). Slower ice recession near the inland marine 
limit, accompanied by falling relative sea level, probably 
resulted in a further decrease in the delta elevation gradient. 
Considering the sparse evidence for neotectonic crustal sub
sidence in southwestern Maine, processes related to glaciation 
seem to provide the best explanation for variations in delta 
elevation gradients in this part of the state. 

Conclusion 

The anomalously low elevations of glaciomarine deltas in 
eastern Maine may be at least partly the result of Holocene 
crustal downwarping, though it is also possible that the elevation 
pattern is the consequence of deglaciation and crustal rebound 
circumstances. The delta elevation contours (Figure 2) define an 
apparent trough of subsidence, the axis of which trends 
northward along the Maine-New Brunswick border. The history 
of vertical crustal movement through postglacial time is un
known, but the delta elevations show that the marine-limit sur
face in the Eastport area may have downwarped at least 40 ft 
(12.2 m) relative to nearby parts of coastal Maine and New 
Brunswick. The possible subsidence pattern agrees with modem 
crustal warping trends determined from tide-gauge data and 
resurveys of bench marks (Anderson and others, 1984; Tyler, this 
volume). Other types of information, such as modem and his-

62 

torical seismic data (Lepage and Johnston, 1986; Smith and 
others, this volume) likewise point to eastern Maine as an area 
of recent crustal unrest. Variations in the direction and spacing 
of delta elevation contours occur elsewhere in southern Maine, 
but are likely to have resulted from processes related to ice 
retreat, isostatic crustal uplift, and changing sea level during 
late-glacial time. 

SUMMARY 

The authors have located and examined IOI glaciomarine 
deltas in the coastal lowland of Maine and adjacent New 
Brunswick. These deltas formed during the period of marine 
submergence that accompanied deglaciation of southern Maine. 
Field evidence indicates that the sea was in contact with the 
retreating margin of the late Wisconsinan ice sheet throughout 
the transgressive phase of submergence. Deglaciation of the 
study area was complete by about 13,000 yr B.P., and isostatic 
uplift brought the region above sea level between 12,000 and 
ll ,000 yr B.P. 

The glaciomarine deltas formed by discharge of sand and 
gravel into the ocean at the mouths of glacial meltwater streams. 
They have flat upper surfaces -- locally channeled and kettled -
which were graded to the contemporary sea level, and some of 
them have been modified by marine erosion and postglacial 
stream terracing. Virtually all of the deltas are the "Gilbert type", 
in which sub-horizontal gravelly topset beds overlie seaward
dipping sandy to gravelly foreset beds. The contact between the 
topset and foreset units in each delta provides a minimum 
measure of the position of sea level to which the delta was 
graded. Meltwater distributary channels on the delta plains also 
enable an approximate determination of former sea level. 

The unmodified character of most delta plains and the 
absence of overlying marine sediments demonstrate that the 
deltas formed either during the maximum marine transgression 
or the early part of the ensuing offlap. Exceptions possibly occur 
in the southern extremity of Maine, where a rising eustatic sea 
level may have barely overtopped the deltas before being over
taken by crustal rebound. Relative sea level could not have 
dropped very much as the succession of deltas was deposited, 
since many of the deltas accumulated in water that was only 
20-40 m deep. From these shallow depths it is inferred that the 
ice-contact deltas formed adjacent to the margin of a grounded 
tidewater glacier. 

The glaciomarine deltas of Maine have been classified into 
four categories based on their depositional environment: (I) 
ice-contact deltas; (2) esker-fed ice-contact deltas; (3) leeside 
deltas; and ( 4) distal outwash deltas. Ninety-five percent of the 
investigated examples belong to one of the first three categories, 
having formed either in contact with the ice margin or separated 
from it by a narrow ridge or chain of hills. The strike-controlled 
bedrock topography that typifies much of southern Maine often 
localized deposition of the deltas. Many of them formed where 
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the ice margin was temporarily pinned against northeast-trend
ing strike ridges. 

The authors contoured the elevations of delta topset/foreset 
contacts and meltwater channels in order to define the present 
configuration of the uplifted and tilted marine-limit surface, and 
to determine whether this surface has been warped by Holocene 
vertical crustal movements. Most elevations were precisely 
surveyed by leveling, and a few were measured by altimeter 
where nearby elevation control was lacking. In southwestern 
Maine the delta elevations increase from 200 ft (61.0 m) near the 
present coastline to 422 ft (128 .6 m) at the inland marine limit 
(Figure 2). This northwestward increase in elevation is the result 
of differential glacio-isostatic uplift, which was greater in the 
direction of increasing former ice thickness. 

The delta elevation contours over much of southwestern 
Maine are somewhat uniformly spaced and have a northeast 
trend. In the central Kennebec Valley region they indicate a 
minimum postglacial tilt of 2.82 ft/mi (0.53 m/km) in a direction 
of 145°. A third-degree trend surface was fitted to the elevation 
data, and the contour pattern and gradient of this surface general
ly correspond to those of Figure 2. Comparison with the steeper 
tilt gradient recorded by glacial Lake Hitchcock deltas in western 
New England suggests that isostatic uplift was causing relative 
sea level to fall as the Maine deltas were deposited. This con
clusion is supported by stratigraphic evidence of falling sea level 
during deglaciation. 

The marine-limit elevation contours curve to the north in 
central Maine (Figure 2), perhaps because of a different postgla
cial tilt direction in this part of the state. However, a sharp 
indentation of the contour pattern in the vicinity of the Maine
New Brunswick border cannot be readily explained by our 
present knowledge of the glacial history of the area. 
Glaciomarine deltas in eastern Washington County are at eleva
tions of 193-224 ft (58.8-68.3 m), in contrast to the higher 
elevations of deltas to the southwest and northeast. Local varia
tions in the rate of ice-margin recession, accompanied by a 
changing relative sea level, may have been largely responsible 
for the observed delta elevations. An alternative explanation is 
that Holocene crustal subsidence has occurred in eastern Maine. 
The latter interpretation is not proven by our study, but is 
compatible with other evidence for downwarping presented 
elsewhere in this volume. The delta elevations indicate that the 
net downwarp of the Eastport area may have been 40 ft (12.2 m) 
or more relative to nearby parts of the Maine-New Brunswick 
coast. 

A minor perturbation of the marine-limit surface occurs in 
the Sanford-Berwick area of southern York County, where delta 
elevation contours are more closely spaced than elsewhere in 
south em Maine (Figure 1). The local steepening of the elevation 
gradient possibly is the result of down warping of the coastal zone 
south of Sanford. Tyler's data (this volume) indicate modem 
crustal subsidence of up to 3 mm/yr in the same area. However, 
it is more likely that delta elevations in this part of Maine were 

controlled solely by the interaction of crustal isostatic adjustment 
and eustatic sea-level change during deglaciation. 
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Glaciomarine deltas of Maine 

APPENDIX A. INVESTIGATED GLACIOMARINE DELTAS AND CORRESPONDrNG SEA-LEVEL ELEV A TIONS 

Type: Four types of glaciomarine deltas are recognized here 
(see text for description): 

( I ) ice-contact 
(2) esker-fed ice-contact 
(3) lees ide 
(4) distal outwash 

Delta 
No. Name 

Berwick 

2 Five Comers 

3 South Lebanon 

4 Sand Pond 

5 Perkins Town 

6 LPond 

7 Bragdon Road 

8 Branch Brook 

9 Sanford Airport 

I 0 New Dam Road 

I I Bernier Road 

12 Round Pond 

13 Dayton 

14 South Holl is 

15 North Hollis 

16 Plains Road 

17 Saco 

18 Dingley Spring 
Road 

19 Chicopee 

20 Finn Parker 
Road 

2 1 Grovevi lle 

22 Sebago Lake 

23 Richville 

24 Raymond Neck 

25 Canal Road 

26 Windham Hill 

Location 
(Town and 
Quadrangle) 

Berwick; 
Somersworth 7 .5' 
N. Berwick; 
Somersworth 7 .5' 
Lebanon; 
Rochester 7 .5' 
Sanford; 
Sanford-Alfred 7.5' 
Wells; 
N. Berwick 7.5' 
Sanford-Wells; 
N. Berwick 7.5' 
Wells; 
N. Berwick 7.5' 
Sanford; 
Alfred 7.5' 
Sanford; 
A lfred 7.5 ' 
Sanford; 
Alfred 7.5 ' 
Sanford; 
Alfred 7.5' 
Alfred; 
Alfred 7.5' 
Dayton-Lyman: 
Bar Mills 7.5 ' 
Hollis-Dayton-Lyman; 
Waterboro-Bar 
Mills 7.5' 
Hollis-Limington; 
Limington 7.5 ' 
Hollis; 
Standish 7.5' 
Standish-Limington: 
Limington 7.5' 
Gorham; 
Standish 7.5' 
Buxton-Gorham; 
Standish 7.5' 
Buxton-Gorham; 
Standish 7.5' 
Buxton; 
Standish 7.5' 
Standish-Gorham; 
Sebago Lake-
N. Windham 7.5' 
Standish: 
Sebago Lake 7.5' 
Raymond; 
Naples 7.5' 
Standish-Gorham; 
N. Windham 7.5' 
Windham; 
N. Windham 7.5' 

Type 

3 

4 

2 

2 

2 

4(?) 

4 

4 

3 

Elevation 
ft m 

200 61.0 

236 71.9 

226 68.9 

233 71.0 

214 65.2 

259 78.9 

272 82.9 

288* 87.8 

2% 90.2 

285 86.9 

299 91.1 

3 12 95.1 

307 93.6 

300* 91.4 

Elevation: All measurements are surveyed elevations of delta 
topsct/foreset contacts except as noted. 
* =measured by altimeter, with temperature/ 

pressure corrections 
(C) =measurement of distal portion of melt water channel 

on delta plain 

Delta 
Location 
(Town and 
Quadrangle) 

Elevation 
No. Name Type ft m 

27 North Windham 

28 Forest Lake 

29 Libby Hill 

30 Gray Village 

31 Crystal Lake
Sabbathday Pond 

32 East Gray 

33 Kettlebottom Road 

34 Pleasant Hill 

35 Sawyer Hill 

36 Cemetery Road 

37 Island Pond 

38 Leeds Junction 

39 Lake Auburn 

40 Twitchell Airport 

41 Springer Hill 

42 Call Hill Road 

43 Palmer Hill 

44 Globe 

45 Mountain Road 

46 Muddy Pond 

47 South Windsor 

Windham; 2 
N. Windham 7.5' 
Cumberland- 3 
Windham-Falmouth; 
Cumberland Center 7.5' 
Gray: 3(?) 
Gray 7.5 ' 
Gray; 
Gray 7.5' 
New Gloucester-Gray; 2,3 
Gray 7.5' 
Gray; 3 
Gray 7.5' 
Bowdoin-Sabattus; 3 
Lisbon Falls North 7.5' 
Sabattus; 2 
Lisbon Falls North 7 .5' 
Monmouth; 2 
Monmouth 7.5' 
Monmouth; 
Monmouth 7.5' 
Leeds: 2 
Monmouth 7.5' 
Greene; 2 
Monmouth 7.5' 
Auburn; 
Lake Auburn East
Lewiston 7.5' 
Turner-Auburn; 2 
Lake Auburn East 
Litchfield; 3 
Purgatory 7.5' 
Dresden; 
Wiscasset 7.5' 
Whitefield-Alna; 2 
E. Pittston-
Wiscasset 7.5' 
Washington; 
Jefferson 7.5' 
Jefferson: 
Jefferson 7.5' 
Washington; 
Razorvi Ile 7.5' 

3 

3 

3 

300 

283 

302 

312* 

289 

298 

323 

324 

348 

342 

308 

278 

291 

279 

295 

292 

Windsor; 3(?) 309 
Weeks Mills 7.5' 

48 Hunts Meadow Road Whitefield; 
Togus Pond 7.5' 

3(?) 3 15 

49 Erskine Academy China; 

50 Meadow Brook 

51 Granite Hill 

Weeks Mills
China Lake 7.5' 
China; 
China Lake 7.5' 
Hallowell; 
Augusta 7.5' 

2 32 1 

3 

3 338 

91.4 

86.3 

92.0 

95.l 

88.l 

90.8 

98.5 

98.8 

106.1 

104.2 

93.9 

84.7 

88.7 

85.0 

89.9 

89.0 

94.2 

96.0 

97.8 

103.0 
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APPENDIX A. CONTINUED. 

Location Location 
Delta (Town and Elevation Delta (Town and Elevation 
No. Name Quadrangle) Type ft m No. Name Quadrangle) Type ft m 

S2 Augusta Airport Augusta; 2 344 104.9 79 Pineo Ridge West Deblois-TIS MD; 2 2S3 77.l 
Augusta 7.5' Schoodic Lake 7.S' 

S3 Summerhaven Manchester-Augusta- 2 34S 106. I so Pineo Ridge East Columbia; 2S l (C) 76.S 
Belgrade; Epping7.5' 
Belgrade-Augusta 7.5' SI Montegail Pond Tl9MD; 1,2 244*(C) 74.4 

54 Belgrade Belgrade; 2 3S9 109.4 Epping7.5', 
Belgrade 7 .S' Tug Mtn.-Wesley IS ' 

SS Smithfield Smithfield; 2 S2 Crcbo Flat West Deblois-TIS MD- 3,2(?) 
Norridgewock 7.S' T24MD; 

S6 Sand Hill Road Smithfield; 2 37S 114.3 TugMtn. IS ' 
Norridgewock 7 .S' S3 Crebo Flat East TIS MD; 3 

S7 Concord Concord; 2 422 12S.6 TugMtn. 15' 
Anson IS' S4 Ben Tucker TISMD; 2 

SS Montville Montville-Searsmont; 3 290 SS.4 Mountain TugMtn. IS ' 
Morrill 7:5' SS Black Brook Ponds Tl9 MD; 2 244*(C) 74.4 

S9 Swan Lake Swanville; Tug Mtn.-Wesley IS' 
Brooks East 7.S ' 86 Rocky Lake T2S MD; 

60 Irish Hill Monroe: 3 3 1S 96.0 Tug Mtn.-Wcsley IS' 
Brooks East 7 .S' S7 Sam Hill Barrens T2SMD; 3 

61 Twombly Mountain Monroe; 3 313 9S.4 Wesley-Tug Mtn. IS ' 
Brooks East- 8S Columbia Falls Columbia Falls- 23S 71.6 
E. Dixmont 7.S' Centerville; 

62 Searsport Belfast-Searsport; 2 293 S9.3 Columbia Falls 7.S' 
Searsport 7.5' S9 Andy Mountain Northfield; 209 63.7 

63 Hampden Hampden; 2 317 96.6 Wesley 15' 
Snow Mtn. 7.5' 90 Bog Lake Northfield; 

64 Dolby Dam TA R7WELS; 362 110.3 Wesley IS ' 
E. Millinocket 7.5' 91 Little Seavey Lake Wesley; I(?) 224 6S.3 

65 Dolby Pond TA R7 WELS-Grindstone; I(?) 372 113.4 Wesley IS' 
Millinocket 7.5' 92 Air Line Road T31MD: 24S 75.6 

66 East Millinocket E. Millinocket-Medway; 2 Wesley IS' 
E. Millinocket 7.5' 93 Gardner Lake East Machias; 2 196 59.7 

67 Orcutt Mountain Bucksport; 3 291 SS.7 Hadley Lake 7.5' 
' Brewer Lake 7.5' 94 Meddybemps Meddybemps; 2 203 61.9 

6S Upper Patten Pond Ellsworth; 3 27S S3.8 Meddybemps Lake 
Branc h Lake 7.5 ' East-West 7.S' 

69 West Ellsworth Ellsworth; 3 266 81.1 95 Round Lake Charlotte; 193 SS.8 
Branch Lake 7.5' Meddybemps Lake 

70 Beech Hill Pond Otis-Mariaville; 279 S5.0 East 7.S' 
Beech Hill Pond 7.5' 96 Maxwell Crossing St. Stephen. N.B.; 4(?) 212 64.6 

7 1 Simmons Pond Ellsworth-Hancock; 2 St. Stephen I :50,000 
Ellsworth 7.5' (2 1 G/3) 

72 McFarland Hill Hancock; 2 2SO 76.2 97 Bethel St. Patrick, N.B.; 3 207 63. 1 
Hancock-Ellsworth 7.5' St. George 1 :S0,000 

73 Si lsby Plain Aurora; 3 (2 1 G/2) 
G reat Pond 7.5' 9S Utopia Pennfield, N.B.; 212* 64.6 

74 Jordan Pond Mount Desert; 23 1 70.4 St. George I :S0,000 
Seal Harbor 7 .5' (2 1 G/2) 

7S Franklin Franklin; 2S3(C) 77. 1 99 Pennfield Pennfield, N.B.; 23 1 70.4 
Sullivan 7.S' St. George I :50,000 

76 Denbo Heath Deblois; 2 (2 1 G/2) 
Tunk Mtn. 7.5' 100 Baring Baring-Calais; 

77 Pork Brook T22MD; 3 Meddybemps Lake 
Lead Mtn. 7.5' East 7.5' 

7S Poplar Hill Deblois; 10 1 Norridgewock Norridgewock; 2 404* 123. 1 
Schoodic Lake 7 .S ' Norridgewock 7.5 
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APPENDIX B. COORDINATES OF SITES WHERE DELTA ELEVATIONS WERE SURVEYED 

Delta Longitude Latitude Delta Longitude Latitude 
No. UTMEW UTMNS Deg Min Sec Deg Min Sec No. UTMEW UTMNS Deg Min Sec Deg M in Sec 

I 356595.2 4791821.0 70. 45. 59.77 43. 16 2.95 53 433652.7 4913629.0 69. 49. 57.84 44. 22. 29.45 
3 343608.7 4800616.0 70. 55. 44.07 43. 20. 38.54 54 433976.3 4924176.0 69. 49. 48.01 44. 28. 11.35 
5 361704.7 4799667.0 70. 42. 20.48 43. 20. 20.58 56 435218.4 4946267.0 69. 49. 1.8 I 44. 40. 7.65 
6 360183.9 4800674.0 70. 43. 28.87 43. 20. 52.22 57 430750.4 4982449.0 69. 52. 42.41 44. 59. 38.58 
7 364266.5 4797868.0 70. 40. 25.23 43. 19. 24.00 58 48 1050.3 4919666.0 69. 14. 17.10 44. 25. 55. 17 

10 361604.7 4809665.0 70. 42. 33.99 43. 25. 44.51 60 498358.9 4935491.0 69. I. 14.38 44. 34. 28.95 
13 371089.4 4821169.0 70. 35. 42.33 43. 32. 3.38 61 499676.9 4940365.0 69. 0. 14.61 44. 37. 6.87 
16 369856.2 4835983.0 70. 36. 50.06 43. 40. 2.60 62 503203.4 492 1811.0 68. 57. 35.04 44. 27. 5.54 
17 367801.3 4840461.0 70. 38. 25.65 43. 42. 26.36 63 509404.2 4950594.0 68. 52. 52.58 44. 42. 38. 17 
21 377944.0 4835479.0 70. 30. 48.83 43. 39. 51.23 64 530094.7 5052949.0 68. 36. 50.06 45. 37. 53.02 
22 377731.6 48461 18.0 70. 31. 7.02 43. 45. 35.82 65 528788.2 5056842.0 68. 37. 49.56 45. 39. 59.36 
24 378650.1 4860539.0 70. 30. 37.74 43. 53. 23.67 67 523290.4 4943346.0 68. 42. 22.68 44. 38. 42. 13 
25 382955.3 485 1467.0 70. 27. 17.79 43. 48. 32.20 68 532756. 1 4934305.0 68. 35. 15.09 44. 33. 47.80 
26 385418.3 4851022.0 70. 25. 27.26 43. 48. 19. 18 69 536247.8 4933471 .0 68. 32. 37.05 44. 33. 20.17 
27 385460.4 4852638.0 70. 25. 26.66 43. 49. 11.53 70 545090.2 4949 172.0 68. 25. 51.32 44. 41. 47.19 
28 394230.6 4851623.0 70. 18. 53.57 43. 48. 43.35 72 550098.2 4930980.0 68. 22. 10.17 44. 31. 56.46 
29 391740.9 4861268.0 70. 20. 52.00 43. 53. 54.59 74 559955.2 4906652.0 68. 14. 53.79 44. 18. 45.33 
3 1 394646.4 4872 124.0 70. 18. 49.56 43. 59. 47.92 75 562071.7 4938514.0 68. 13. 4.53 44. 35. 57.28 
32 395645.1 48604 13.0 70. 17. 56.50 43. 53. 28.94 79 584770. I 4950950.0 67. 55. 47.86 44. 42. 31.90 
33 418981.4 4880096.0 70. 0. 41.86 44. 4. 17.4 1 80 592432.8 4946676.0 67. 50. 2.62 44. 40. 10.02 
34 413018.7 48846 14.0 70. 5. 12.51 44. 6. 41.33 81 598252.7 4955520.0 67. 45. 32.30 44. 44. 53.74 

/ 
35 419856. 1 4896983.0 70. 0. 11.81 44. 13. 24.97 85 5977 12.9 4960193.0 67. 45. 53.61 44. 47. 25.46 
37 4 12878.7 4899260.0 70. 5. 27.56 44. 14. 35.89 88 605336. 1 4947159.0 67. 40. 16.61 44. 40. 19.24 
39 400867.9 4886827.0 70. 14. 20.34 44. 7. 47.47 89 614599.0 4964701.0 67. 33. 2.04 44. 49. 42.46 
41 424614.6 4889957.0 69. 56. 33.79 44. 9. 39.14 9 1 608074.1 4975962.0 67. 37. 50.32 44. 55. 50.94 
42 441352.5 4880300.0 69. 43. 56.55 44. 4. 3 1.69 92 5994 10.7 4975985.0 67. 44. 25.28 44. 55. 56.27 
43 4482 11.9 4886330.0 69. 38. 50.36 44. 7. 48.95 93 625107.1 49644 11.0 67 . 25. 4.19 44. 49. 26.69 
44 469192.8 4897026.0 69. 23. 8.56 44. 13. 39.91 94 627612.9 49863 10.0 67. 22. 50.32 45. I. 14.49 
45 460460.2 4897012.0 69. 29. 42.15 44. 13. 37.93 95 637358.2 4987626.0 67. 15. 24.22 45. I. 50.58 
46 46640 1.8 4902967.0 69. 25. 15.73 44. 16. 52.01 96 636112.6 5011030.0 67. 15. 58.17 45. 14. 29.51 
47 45278 1.5 4903440.0 69. 35. 30.30 44. 17. 4.64 97 662968.6 5003039.0 66. 55. 37.54 45. 9 . 50.19 
48 449860.2 4900708.0 69. 37. 41.10 44. 15. 35.38 98 676321. I 5001880.0 66. 45. 28.45 45. 9. 1.08 
49 453724.3 4912960.0 69. 34. 50.8 1 44. 22. 13.36 99 678437.5 4997972.0 66. 43. 56.77 45. 6. 52.59 
51 434140.1 4905087.0 69. 49. 3 1.91 44. 17. 52.76 IOI 434876.6 495238 1.0 69. 49. 20. 16 44. 4 3. 25.68 
52 436778.6 49070 13.0 69. 47. 33.70 44. 18. 56.04 
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ABSTRACT 

Planimetry studies of maps of coastal geology prepared by the Maine Geological Survey show that over 3000 
separate tidal marshes, encompassing approximately 79 km2

, lie along the coast of Maine. The distribution of tidal 
marshes as well as their size and vegetation are shown to be related to geologic setting, sediment supply, and 
developmental history, all of which vary greatly along the 5970 km long coast. Systematic surveys of vegetation in 
18 marshes reveal much variability in species composition, species richness, and zonation patterns. Species 
composition is influenced by freshwater input. Species richness is higher in older marshes situated in stable geologic 
settings. Zonation patterns represent a transition between those of southern New England and those of the Bay of 
Fundy region. 

INTRODUCTION 

Salt marshes of the eastern seaboard of North America can 
be separated into three types that are named for the region in 
which they occur: Bay of Fundy-type, New England-type, and 
Atlantic Coastal Plain-type (Johnson, 1925; Chapman, 1974; 
Frey and Basan, 1978). Bay of Fundy-type marshes are closely 
associated with estuarine clay flats. In the scheme of marsh 
maturation proposed by Frey and Basan ( 1978), these could be 
described as developmentally young marshes, in which 
meandering watercourses are common. Their sediments consist 
of soft, red, clayey mud, and hard-caked silt with scattered bits 
of vegetal remains; they are sometimes overlain by a surfic ial 
veneer of peat. Silts tend to be homogeneous with no visible 
stratigraphy and no primary structure (Johnson, 1925; Klein, 
1963; Klein and Sanders, 1964; Chapman, 1974). 

a/ternijlora Loisel., Spartina patens, (Ait.) Muhl., and Juncus 
balticus Willd. are the dominant plant species in those Bay of 
Fundy marshes. 

Vegetation of marshes in New Brunswick and Nova Scotia 
was described initially by Ganong ( 1903) and Chapman ( 1937), 
and more recently by Pielou and Routledge ( 1976), Reimold 
( 1977), Thomas ( 1983), and Gordon and others ( 1985). Spartina 

New England-type salt marshes, on the other hand, are 
predominantly high-marsh meadow, with low-marsh plants oc
curring mostly along borders of tidal creeks (Miller and Egler, 
1950; Nixon, 1982). These marshes are developmentally ma
ture, with steep banks at the seaward edge, low sedimentation 
rates, and mosaic patterns in the vegetation. The predominant 
plant taxa in marshes of southern New England are Spartina, 
Juncus, Distichlis, and Panicum (Johnson, 1925; Chapman, 
1940a, 1940b, 1974; Miller and Egler, 1950; Redfield, 1972; 
Niering and Warren, 1980; Nixon, 1982; Bertness and Ellison, 
1987). Sediments therein usually consist of horizontally-bedded 
grayish or brownish "springy" marine peat (Chapman, 1974), 
which is composed of roots, stems, and leaves of grasses (Nixon 
and Oviatt, 1973). The peat also includes variable amounts of 
silt, although inorganic material is generally less avai lable to 
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these marshes than to those farther north. Marsh sediments are 
often underlain by black, brackish-to-freshwater peat, sand, till, 
or bedrock (Johnson, 1925; Redfield, 1972). 

By comparison with marshes in the regions described 
above, only a few of Maine's salt marshes have received sig
nificant attention in the literature (exceptions include e.g. Hill, 
1923; and Chapman, 1974). The coast of Maine is in many ways 
a transition zone between the Bay of Fundy and southern New 
England. Thus, we have here an opportunity to study transitional 
characteristics of marsh vegetation in the context of strong 
gradients in surface-water temperature, tidal range, wave energy, 
available sediments, and local terrain. 

For example, in the summer months surface-water tempera
tures range from I 8°C to 9°C in a southwest to northeast gradient 
(Larsen, 1985). Tidal amplitude ranges from around 2.5 m in 
southern Maine to around 6.5 m in eastern Maine (Fefer and 
Schettig, 1980). Regional patterns of bedrock composition and 
structure, abundance and composition of Quaternary sediment, 
as well as differential rates of change in sea-level all result in 
considerable variability in geologic settings (Kelley, 1987). One 
of those geologic variables, namely the differential rates of 
change in sea level (Tyler and Ladd, 1980; Anderson and others, 
1984; several papers in this volume) has special consequences 
for salt marshes. The apparently rapid rise in sea level in eastern 
Maine is probably unmatched elsewhere in New England or the 
Bay of Fundy. Yet these fundamental environmental changes 
may well be having significant effects on the development and 
stability of marshes bordering that segment of the Gulf of Maine. 
Significant changes in the nature or abundance of salt marshes 
can, of course, have serious consequences for nearshore marine 
ecosystems. 

Given the lack of information about salt marshes in Maine, 
we recognize four areas of basic research necessary for under
standing the implications of rising sea level on our salt marsh 
resource; the first two are necessary to provide a context for 
either of the others: (I) inventory of distribution and abundance 
of salt marshes in different regions of the coast of Maine; (2) 
characterization of vegetation and its variability along this 
geographic gradient; (3) analysis of marsh development, par
ticularly in the context of changing sea-level; and (4) analysis 
of productivity in these different marshes, and of how this 
productivity contributes to nearshore marine ecosystems. 

In this paper we present a summary of work we have 
completed on the first two topics. Additional information and 
detail about this work is available in Jacobson and others ( 1987), 
Jacobson and Jacobson (l 989), and Kelley and others ( 1988). 

METHODS 

Inventory of Marshes 

Primary sources of data for this portion of the study were 
maps (I :24,000) of marine geology prepared by the Maine State 
Department of Conservation (Timson, 1977). Those maps were 
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prepared from aerial photographs, and delineate supratidal, in
tertidal (marsh, beach, and flat), and subtidal (flat and channel) 
environments. 

Using a Numonics (brand) electronic digital planimeter, for 
each marsh shown on the maps we measured both the total area 
and the length of the low-marsh/mud interface. Areas of salt 
marsh separated by either a tidal creek or a river were counted 
as separate marshes, because they are not physically joined and 
our field studies show that they often sustain remarkably dif
ferent assemblages of plant species. Thus, large marsh com
plexes such as those in Wells and Scarborough are represented 
in the data set as several discrete marshes. Tests for quality 
control showed that the accuracy of the planimeter and the 
consistency of the operator were both well above the resolution 
of the maps. The resulting data provided the basis for statistical 
analyses of size-frequency, distribution, and total abundance of 
salt marshes in Maine. 

Selection of Study Sites 

Many salt marshes in Maine have been used for agricultural 
purposes intermittently since colonial times. Dikes were con
structed in marshes to exclude tides and to promote production 
of forage crops. These constructions, which are now in various 
stages of decay, are still easily recognizable in many Maine 
marshes (Smith and Bridges, 1982; Smith and others, this 
volume). Ditches constructed to control mosquito populations 
by draining pooled water from the marsh surface are also com
mon in salt marshes of Maine. These attempts to alter marsh 
hydrology had varying success. The extent to which they con
tinue to affect the modem vegetation is unknown. 

To avoid such anthropogenic complications, we restricted 
our work to marshes with little or no history of human distur
bance. It is noteworthy that in Maine there are at least a few 
marshes that have never been diked or ditched. Such examples 
of natural salt marshes are essentially nonexistent in southern 
New England. Our 18 study sites (Fig. 1) were salt marshes 
markedly different from one another in size, slope, tidal 
amplitude, proximity to open water, and other factors, some of 
which are summarized in Table 1. 

Vegetation Analysis 

In each marsh we established from 2 to 6 transects, each 
oriented perpendicular to the water's edge from bare mud to the 
upland border. The number of transects in each marsh was 
determined by its areal extent and its width from bare mud to 
upland. Topography along each transect was surveyed with a 
theodolite. We recorded the occurrence and abundance of all 
vascular plant species in l-m2 plots placed at regularly spaced 
intervals along each transect. Species abundance was recorded 
as one of the following cover classes: r ( 1 % ), + (5% ), 10%, 20%, 
.. ., 100%. Taxonomic nomenclature follows Gleason and Cron
quist (1963). 
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Figure I. Locations of salt marshes included in this study (from Jacobson and Jacobson, 1989). 

RESULTS AND DISCUSSION 

Extent, Distribution, and Abundance 

Salt marshes cover almost 11 00 km, or approximately 20% 
of Maine 's 5970-km coastline (Jacobson and others, t 987). We 
counted 30 t 7 separate marshes comprising a total area of almost 

79 km2
; they range in size from 150 m2 up to over 2 km2

, with 
a mean of 0.026 km2

. Approximately 90% of Maine's salt 
marshes have an area of less than 0. 1 km2 (Fig. 2); collectively 
these small marshes total 32 km2

, or more than 40% of the total 
salt marsh area in the State. 

The distribution of salt marshes along Maine's convoluted 
coast is neither regular nor random. A map of the geographic 
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TABLE l. LOCATIONS, SIZE, TOPOGRAPHIC FEATURES, AND TIDAL AMPLITUDE OF TIDAL MARSH STUDY SITES. 

Study Site Latitude Longitude 

Spruce Creek 43°06'30" 70°43'45" 
Smelt Brook 43° 10'30" 70°44'00" 
Ciderhill Creek 43°08'45" 70°41' 15" 
Goosefare Brook 43°29'45" 70°23'30" 
Prouts Neck 43°33'00" 70° 19'00" 
Cousins River 43°48'15" 70°09'30" 
Newtown Creek 43°50'00" 69°47'00" 
Little River 43°47'00" 69°44'30" 
Tenants Harbor 43°57'15" 69°12"45" 
Horseshoe Cove 44°20'45" 68°56'00" 
Grand Marsh 44°25'45" 68°00'30" 
Pleasant River 44°25'45" 67°45' 15" 
Englishman River 44°37'45" 67°28'00" 
Dogtown 
Eastern Marsh 
Bells Marsh 
West Lubec 
South Lubec 
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Figure 2. Area-frequency distribution of saltmarshes in Maine (from 
Jacobson and others, 1987). 

distribution of total salt marsh area along the coast (Fig. 3) shows 
that more than two-thirds (68%) of the statewide total occurs 
southwest of Penobscot Bay, primarily in the Wells embayment 
(#3), Saco 8ay (#5), and the Kennebec River estuary (#8). In 
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Venical Mean Tidal 
Area Range of % Amplitude 
(ha) Vegetation Slope (m) 

3 1.9 5.8 2.7 
13 1.9 3.7 2.6 

1.6 8.6 2.6 
45 1.4 1.5 2.7 
97 N.D. N.D. 2.7 

9 2.0 3.9 2.7 
86 1.7 2.4 2.5 

101 1.5 I.I 2.7 
4 2.5 3.7 2.8 

4 N.D. N.D. 3.1 
54 1.7 I.I 3.2 

I 2.4 4.1 3.4 
28 0.9 0.5 3.7 

I 2.8 9.6 4.0 
6 1.4 2.9 4.0 
2 3.4 8.3 5.5 

15 3.8 6.5 5.5 
14 2.0 2.6 6.4 

absolute numbers, more marshes occur northeast of Penobscot 
Bay than to the southwest. However, the mean area per marsh 
in the northeastern regions is onJy 0.02 km2, or half that of 
marshes in the southwestern regions. Marshes in eastern Maine 
are concentrated in the Narraguagus (#18) and Pleasant River 
(#19) embayments, and to a lesser extent in the Machias (#22) 
and Cobscook Bay (#23) embayments (Fig. 3.). 

The nonrandom distribution of salt marsh along the coast is 
clearly a result of substantial differences in gross coastal 
geomorphology caused by differences in the nature, location, 
and orientation of bedrock formations, and in the nature and 
availability of sediment (Kelley, 1987). In fact, the coast of 
Maine can be subdivided into four physiographic subsections 
(Fig. 4) (Maine State Planning Office, 1983). 

Southwestern coastal Maine is characterized by arcuate 
bays, with beaches of fine sand behind which large salt marshes 
have developed. These marshes are supplied with fine sediments 
by erosion of the Presumpscot Formation (as defined by Bloom, 
1963), which is primarily composed of marine silts and clays 
deposited in late-glacial time (Kelley, 1987). This subsection of 
the coast has approximately 300 salt marshes covering over 26 
km2

, or approximately 0.39 km2 for each linear km of coastline. 
Over 1,000 salt marshes exist along the shoreline of the 

south-central section of the coast, which is characterized by 
indented embayments. In this region, a series of southward
trending bedrock peninsulas and islands protects marshes along 
tidal rivers and deep estuaries. Salt marshes are supplied with 
fine sediments by erosion of the Presumpscot Formation and 
deposits of glacial tilJ (Kelley, 1987). Our results show that there 
are 0.31 km2 of salt marsh per km of coastline in this area, and 
approximately 27.4 km2 in sum. 
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Figure 3. Geographic distribution of salt marshes within 23 coastal embayments (from Jacobson and others, 1987) 

Thus, we find approximately 68% of Maine's total area of 
salt marsh in these two southern regions of the coast. These areas 
of arcuate bays and indented embayments have landforms that 
provide protection to intertidal marshes, as well as sources of 
fine sediments that are necessary for marsh formation. 

The environments of the north-central and northeastern 
segments of the coast are considerably different, and this is 
demonstrated in the acreage of salt marsh east of Penobscot Bay. 
Sediment supply is limited in the island-bay complex of the 
north-central region. Except in a few protected harbors, its 
coastline of exposed granite ledge affords little opportunity for 
large salt marshes to become established. However, over I , I 00 
small salt marshes were recorded in this survey, almost 500 of 
which border Penobscot Bay. In the northeastemmost subsec
tion, the "eastern cliff shoreline", the sea meets hard volcanic and 
plutonic rock cliffs that are in some places 30-50 m high. The 
470 salt marshes that occur there are restricted primarily to 
occasional strips bordering rivers and bays. The concentration 
of salt marshes in each of these eastern subsections is only 0.12 
km2 per km of coastline, although the absolute number of mar
shes is slightly higher than that of the two southernmost subsec
tions. 

Vegetation 

Simple phyto-sociological tables (Appendix) contain the 
data collected in this portion of the study; the tables are arranged 
in geographic order from southwest to northeast. The number 
of species per marsh ranges from 11 to 25, and only four species, 
Spartina alterniflora, Spartina patens, Juncus gerardi, Loisel. 
and Atriplex patula L., occur in every marsh we studied (Table 
2). Another three, Triglochin maritima L., Salicornia europea 
L., andSolidago sempervirens L., occur in 16 of the 18 sites. The 
presence and abundance of the remaining species are highly 
variable. In some cases, species that normally inhabit either dry, 
disturbed upland soils or freshwater wetlands occur within a salt 
marsh, particularly near its upland edge. These plants are 
separated in Table 2 from those restricted solely to salt marsh 
habitats. 

We find no geographic trend in species diversity, nor any 
significant correlation between number of species and marsh 
size (Table 1), as might be expected. We do note, however, that 
marshes with the highest number of plant species (Tenants 
Harbor, Newtown Creek, Eastern Marsh, West Lubec, Little 
River, and Englishman River) are in close proximity to either 
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Figure 4. Total saltmarsh area within four physiographic subsections of the Maine coast (from Jacobson and others, 1987). 

freshwater streams, or agricultural fields that might shed surface 
water, sediment, and seeds of upland plants. 

With the possible exception of Tenants Harbor, marshes 
with high species diversity (excluding those species that are not 
nonnally restricted to salt marshes) tend to be developmentally 
"mature" to "old" in the development scheme outlined by Frey 
and Basan ( 1978). This may be because as a marsh matures its 
surface becomes more uneven, thereby increasing the diversity 
of microhabitats. 

Zonation Patterns 

Although the vegetation of each marsh occurs in distinct 
zoned patterns, we found that both the nature of the zones and 
their dominant species differ from site to site. Only one species, 
Spartina alternifolia, occurs primarily in monospecific stands. 
The other primary dominant species, Spartina pa tens and Juncus 
gerardi, sometimes occur alone, but more often grow in mixed 
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stands with a few to many other plants (see the Appendix). 
Marshes located inland along tidal creeks often have species 
such as Scirpus maritimus L. and Carex paleacea Wahl. above, 
below, or within the Spartina patens and Juncus gerardi zones. 

We have found eleven different sequences of zonation, only 
one of which occurs repeatedly in the 18 marshes (Fig. 5). This 
particular sequence, Spartina alterniflora to Spartina patens to 
Juncus gerardi, is the basic pattern from which almost all the 
marshes vary. Although the actual number and sequence of 
zones is highly variable, marshes that are relatively wider from 
bare mud to upland border tend to have more zones above the 
one dominated by Juncus gerardi. 

Comparisons with Neighboring Regions 

There is insufficient published infonnation about the 
variability of salt marsh vegetation in southern New England and 
the Bay of Fundy region to allow rigorous comparisons of 
between-marsh variability in Maine with that of these neighbor-
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TABLE2. PLANT-SPECIES OCCURRENCE IN 18 SALTMARSHES IN MAINE. SPECIES ARE CATEGORIZED BY NATURAL HABITAT, LISTED 
IN ORDER OF FREQUENCY OF OCCURRENCE. SITES ARE LISTED IN GEOGRAPHIC ORDER FROM SOUTHWEST TO NORTHEAST. 

(a: Goosefare Bk., b: Smelt Bk. , c: Cider Hill Ck., d: Prouts Neck, f: Cousins R., g: Newtown Ck .. h: Little R .. i: Tenants Haroor, j : Horseshoe Cove, k: 
Grand Marsh. I: Pleasant R .. m: Englishman R., n: Dogtown, o: Eastern Marsh, p: Be lls Marsh, q: West Lubec, r: South Lubec.) 

SALTMARSH PLANTS 

(abundant) 
Sparrina alternijlora Loisel. 
Spartina pare11s (Ait.) Muhl. 
J1111c11s gerardi Loisel. 
Arriplex pout/a L. 
Triglochi11 maritima L. 
Salicornia e11ropaea L. 
Solidago sempervirens L. 

(common) 
Pia ma go maritima L. 
C/au,r maritima L. 
F es111ca rubra L. 

a 

+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

Carex paleacea Wahl. + 
Suaeda maritima (L.) Oum. + 
Agropyro11 repe11s (L.) Beauv. + 
Pote11tilla al/Serina L. + 
Li111011ium Nashii Small + 
Sparti11a pecti11ata Link. 
Agrosris s10/011ifera L. 
J1111cu s fili/ormis L. 
Asler s11bula1us Michx. + 
Hierochloe odorata (L.) Beauv. 
Scirpus marilimus L. 
Distich/is spicaJa (L.) Greene. 
Ruppia maritima L. 
Eleoclraris halophila Fem .. Brack. 
Eleocharis pan•ula (R. + S.) Link. 
P11cci11ellia pumila (Vasey) Hitchc. 
Spergularia ca11adensis (pers.) D. Don. 

(rare) 
Solidagorugosa Mill. 
C11sc111aspp. 
P11ccinellia maritima (Huds.) Par!. + 

Total saltmarsh species 16 

FRESHWATER 
WETLAND PLANTS 

Scirpus american11s Pers 
Typha a11g11stifolia L. 
Phalaris arrurdinaceae L. 
Scirpus rnbroti11ct11s Fem. 

UPLAND PLANTS 

Co11volv11/11s sepium L. 
Rosa rngosa Thunb. 
Horde11mjuba1u111 L. 
Carex te11era Dewey. 
Elym11s virginicus L. 
Poa trivia/is L. 
R /111s toxicodendron L. 
Polygo11um sagittalum L. 

Total species 

a 

a 

16 

b 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
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+ 

+ 

+ 
+ 

+ 

+ 
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Figure 5. Variations in zonation patterns of salt marsh vegetation in 
coastal Maine. Numbers in parentheses refer to the number of study 
sites in which the uppermost zone is dominated by that species. Num
bers by arrows refer to the number of sites in which that transition 
occurs. Arrows point from lower to higher elevation (from Jacobson 
and Jacobson I 989). 

ing regions. However, broad comparisons are helpful in provid
ing perspective on characteristics such as variability. 

In all three areas, the primary zones from bare mud to upland 
border are dominated by Spartina alterniflora, Spartina patens, 
and Juncus gerardi, in that order. In southern New England, 
however, a zone dominated by Distichlis spicata (L.) Greene., 
alone or in conjunction with Spartina patens, occurs commonly 
between the Spartina patens and Juncus gerardi zones, or some
times replaces the Spartina patens zone altogether (Miller and 
Egler, 1950; Nixon and Oviatt, 1973; Niering and Warren, 1980) 
(Fig. 6.). In Maine Distichlis spicata occurs in only five of our 
18 marshes, and dominates a zone in only one of these (Prouts 
Neck). This species is "comparatively rare" in the Bay of Fundy 
marshes, occasionally occurring in conjunction with Limonium 
Nashii Small (Thomas, 1983). 

In southern New England, Panicum virgatum L. is a com
mon dominant species occupying the zone upland of the Juncus 
gerardi zone (Miller and Egler, 1950) (Fig. 6). A zone dominated 
by lvafrutescens L. sometimes replaces or precedes the Panicum 
zone. Phragmites communis Trin. is another common dominant. 
None of these species occur at any of our study sites, nor are they 
mentioned in the literature for Bay of Fundy marshes. 

The most common dominant above the J uncus gerardi zone 
in the Bay of Fundy region is Juncus balticus (Pielou and 
Routledge, 1976) (Fig. 7). This species is not recorded for 
southern New England nor was it found at any of our 18 study 
sites, although Juncus filiformis L. (a species that closely 
resembles]. balticus) was common at our study sites. Jn the Bay 
of Fundy region, the Spartina patens zone includes many as-
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Figure 6. Variation in zonation patterns of salt marsh vegetation in 
southern New England as reported by Chapman ( 1940, 1960), Miller 
and Egler (1950), Niering and Warren (1980), Nixon (1982), and 
Bertness and Ellison (1987). Numbers refer to the number of records 
in the literature (from Jacobson and Jacobson, 1989). 

sociated species, probably because Spartina patens is close to 
the northern limit of its distribution there (Chapman, 1960). 
Limonium Nashii and Puccinellia maritima (Huds.) Parl. also 
play more significant roles in the Bay of Fundy region than they 
do in Maine. 

In general, Maine's salt marshes appear to represent a con
tinuum between the very different types found in southern New 
England and the Bay of Fundy region, with probably a majority 
of Maine's marshes being more similar to those of the Bay of 
Fundy region. These findings should not be surprising, given the 
greater similarity of local geology, water temperatures, tidal 
ranges, and climates between Maine and the Maritime Provinces 
of Canada. Our interpretation is that Maine's coastline provides 
a somewhat greater range of environmental settings than its 
neighboring regions and, as a result, it has greater site-to-site 
variability. 

SUMMARY 

Maine's coast is covered by a surprisingly large amount of 
salt marsh. More than 3000 separate marshes, most of which are 
small, collectively cover approximately 79 km2 of coastal land. 
Roughly two-thirds of this total area of marsh lies southwest of 
Penobscot Bay in areas where the geologic setting provides both 
a source of appropriate fine-grained sediments and protection 
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from high-energy waves. Most salt marshes in eastern Maine 
form as small fringes along occasional protected stretches of 
rocky shore. 

Our data show extensive variability in the vegetation of 
Maine's salt marshes. The number of species present is higher 
in marshes that are either developmentally mature, have fresh
water input, or are adjacent to agricultural fields. There is 
considerable variation not only in the number of species, but also 
in the particular species that occur. Only four species, Spartina 
alterniflora, Spartina patens, Juncus gerardi, and Atriplex 
patula occur in all 18 marshes. Another three, Triglochin 
maritima, Salicornia europea, and Solidagosempervirens, occur 
in 16 out of 18 sites. Occurrence of the remaining species is 
highly variable. Zonation patterns are also highly site-specific 
and can in only the most general sense be characterized by the 
classic sequence: Spartina alterniflora, Spartina patens, and 
Juncus gerardi. 

The tremendous variability in the size and vegetation of salt 
marshes in Maine is indicative of the high degree of variability 
in geologic setting, sediment supply, developmental history, and 
other environmental conditions along the coast. Maine is a 
geological and botanical transition zone between the vastly 
different marshes of southern New England and the Bay of 
Fundy region. In southern and eastern Maine, some marshes are 
similar to those of the adjacent regions, respectively, and many 
are unique to Maine. 
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Figure 7. Va ria tio ns in zonation pa tte rns o f salt m arsh vegetation in the 
Bay o f Fundy region as reported by Gano ng (1903), Johnson ( 1925), 
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APPENDIX. REPRESENTATIVE VEGETATION TRANSECTS FROM EACH OF THE 18 STUDY SITES. THE SITES ARE ARRANGED JN 
GEOGRAPHIC ORDER FROM SOUTHWEST TO NORTHEAST. 

SPRUCE CREEK KITTERY, MAINE transect I of 3 

m from bare mud 
I 3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 33 

Spartina a/terniflora + 30 70 70 70 20 10 r 
Spartina patens 60 70 70 70 70 70 70 50 
Arriplex patula 
Juncus gerardi 20 80 80 90 50 
Plantago maritima 10 + 
Triglochin maritima + IO 
Solidago sempervirens 10 
Puccinellia maritima 
Glaux maritima + 
Suaeda maritima 

SMELT BROOK YORK, MAINE transect I of 4 

m from bare mud 
I 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 

Spartina alterniflora 60 
Scirpus maritimus 90 20 
Juncus gerardi 20 30 50 30 30 20 10 10 10 + 
Atriplex patula 
So/idago sempervirens + 10 
Potemil/a anserina 20 30 40 40 20 20 30 20 IO 
Trig/ochin maritima 40 + IO 20 40 30 30 30 50 20 + 10 
Carex paleacea + + + 10 60 40 
Festuca rubra + 
Salicornia europaea + + 
Spartina patens 
Planrago maritima + 
Eleocharis halophila IO 20 20 
Juncus filiformis IO 
Hieroch/oe odorata + 
Convolulus sepium + + 

CIDER HILL CREEK YORK, MAINE transect I of 3 

m from bare mud 
I 3 5 7 9 II 13 15 17 

Spartina alterniflora 99 
Sparti11a patens 90 90 50 
Juncus gerardi 90 90 90 80 80 
Triglochin maritima 
Solidago sempervirens + 10 10 
Potentilla anserina + IO 
Agropyron repens + 
Spartina pectinata + 
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GOOSEFARE BROOK SACO, MAINE transect 2 of 4 

m from bare mud 
I 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 

Spartina alterniflora 80 10 
Spartina pare11s 90 30 10 10 r + + + 
Juncus gerardi 40 40 40 30 30 30 30 20 20 40 20 30 60 20 20 20 30 30 20 
Limo11ium Nashii + IO + + + + 
Pla11tago maritima 10 + 
Triglochin maritima + + 10 + + + 10 
Glaux maritima + 
Solidago sempervirens 

PROUTS NECK SCARBOROUGH, MAINE transect 2 of 3 

m from bare mud 
I II 21 31 41 47 53 59 63 67 

Spartina alterniflora 20 20 70 99 99 20 IO + 
Spartina pa tens 80 90 50 + 
Limonium Nashii + + 
Plantago maritima 
Atriplex patula 
Juncus gerardi 50 99 10 
Distichlis spicata 50 
Glaus maritima + 
Suaeda maritima 
Triglochin maritima 

COUSINS RIVER FREEPORT, MAINE transect 2 of 3 

m from bare mud 
I 3 5 7 9 I I 13 15 17 19 21 23 25 27 29 31 33 

Spartina altemiflora 30 70 90 80 80 40 20 r 
Spartina patens 30 70 80 60 r r 
Juncus gerardi 20 80 80 80 80 20 20 40 30 
Solidago sempervirens 10 20 
Glaux maritima IO + 10 10 
Limonium Nashii 
Potemilla anserina 10 10 
Triglochin maritima 10 
Salicornia europaea 
Agrostis s1olo11ifera lO 
Agropyro11 repe11s + 

NEWTOWN CREEK ARROWSIC, MAINE transect I of 4 

m from bare mud 
I 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 

Spartima a/ternijlora 70 + 
Spartina pate11s 80 + 
Scilpus maritimus + 20 20 20 20 20 + + 
Potemilla anserina + + JO 40 + 
Atriplex patula + 
Solidago sempervirens + 
Glaux maritima + + 10 10 20 10 20 + JO + 
Juncus gerardi + 20 20 30 10 10 10 
Carex paleacea IO 20 30 + + 
Triglochin maritima + 20 20 20 20 20 20 10 
Plamago maritima 10 40 40 10 30 20 10 
Scirpus america1111s 30 10 + 
Eleocharis parvula + + 10 + 
Suaeda maritima + 
Agrostis stolonifera IO 
Aster subulatus + 20 
Spartina pectinata + 20 
H ierochloe odorata 
Festuca rubra + 
Convo/vu/us sepium 
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LITILE RIVER GEORGETOWN, MAINE 1ransect 1 of 4 ' \ 

m from bare mud 
I 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 .69 

Sparri11a alterniflora 70 10 + 30 20 
Spartina pa1e11s 20 + 10 20 20 80 30 70 + 
Glaux maritima 10 10 + + + + 10 
Limonium Nashii 10 10 + + + + 
A triplex pa111/a + 
Salicomia europaea + + 
Suaeda marilima + 
Spergularia ca11ade11sis + 
P/a111ago mari1ima 70 50 20 + 50 50 30 20 30 + 30 
Juncus gerardi + 20 50 90 30 30 40 20 40 20 
Festuca rubra + + + + + + 
Triglochin mari1ima r JO 10 10 
Distichlis spicata + 
Agrostis stolonifera 10 20 20 10 10 + + + 

TENANTS HARBOR TENANTS HAROBOR transect I of 3 

m from bare mud 
I 3 5 7 9 II 13 15 17 19 21 23 25 27 29 

Sparrina altern~•ora 10 20 40 30 60 60 + 
Salicornia europaea + 
Sparti11a pa tens 70 40 
A triplex pa/Illa + + 
Glaux maritima + + + 
Juncus gerardi 50 50 20 20 20 10 20 
Plan/ago maritima 
Salidago sempervirens 20 60 60 60 20 + 
Fest11ca rubra 10 10 10 + + 
Sparti11a pecrinata + 10 20 
Aster subulatus 30 40 70 
Agropyro11 repens 
Juncusfiliformis + 
Rosa rugosa 10 

HORSESHOE COVE BROOKSVILLE, MAINE transect 2 of 3 

m from bare mud 
I 4 7 10 13 16 19 22 25 28 31 34 37 40 42 

Spartina a/terniflora 80 80 20 10 10 10 10 
Suaeda maririma 20 + 
Atriplex palltla + + + 10 
Salicomia europaea + + 
Sparrina patens 80 90 99 99 90 99 99 50 50 50 50 50 50 
Juncus gerardi 50 50 50 50 50 IO 
Claw: maritima 
Solidago sempervirens r 
aster sp. 20 
Scirpus americanus 10 

GRAND MARSH GOULDSBORO, MAINE transect I of 2 

m from bare mud 
I 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 

Sparti11a altemiflora 50 60 + + 40 r 10 + 80 60 70 70 30 50 60 70 50 10 
Atriplex patu/a 10 + + + + + + + + 
Spartina patens 90 90 20 70 80 80 80 80 90 50 50 
Limonium Nashii 10 10 + 
Plantago maritima + 
Festuca rubra + 
Salicornia europaea + 
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GRAND MARSH (transect continued from previous page) 

m from bare mud 
89 93 97 IOI 105 109 113 117 121 125 129 133 137 141 145 149 153 

Sportino o/ternifloro IO 70 10 60 20 10 20 
A triplex potulo + + + + + + 
Sportino potens 70 60 80 10 80 50 60 80 70 30 20 
Limonium Nashii + + IO 
P/01110110 moritimo + 
Festuco rubro + + + 
Solicornio europoeo + 
Sparti11a pecti11010 + IO 10 
Carexpaleocea 10 30 50 20 10 20 
Solidogo sempervire11s IO + 10 
J1111cus gerordi 30 30 20 
J1111cus filiformis + 10 
Agrostis stolonifero + 
Aster stolonifero 10 
Hierochloe odoroto + 

PLEASANT RJVER HARRINGTON transect I of 6 

m from bare mud 
I 4 7 IO 13 16 19 22 25 28 31 34 37 39 41 43 45 47 49 

Spartino altemif/ora 30 IO 10 10 10 10 30 60 80 80 80 20 + r 
Sportina patens 80 99 99 99 90 
Solicornia europoeo + + + 
S11oeda moritima + + 
Atriplex patu/a + 10 + 
Trigloclri11 martimo + r + + 
Solidago sempervirens 10 + + + 
Limonium Noslrii + r 
Plontago maritima + 
J1111cus gerardi 90 99 90 
Pote11tilla anseri110 r r 
Glaux moritima + + 
Plrolaris oru11di11acea IO 

ENGLISHMAN RJVER ROQUE BLUFFS, MAINE transect 2 of 2 

m from bare mud 
I 6 II 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 IO I 106 

Sporti11a alternifloro 90 60 + IO 50 JO 20 IO 
Sporti11a potens + IO 70 80 70 80 + 90 80 90 90 50 50 90 
At rip/ex patula + IO + + + 
Puccinellio pumilo + 
Jw1c11s gerardi 50 90 90 + 10 
Solidago sempervirens 20 10 
F est11co rubra 
P/a111ago maritima + + + + 
R11ppio maritima 99 90 

m from bare mud 
Ill 116 121 126 131 136 141 146 151 156 161 166 171 176 181 186 

Spartinia a/tem ifloro + 20 10 10 + + + + 50 
Spartina patens 80 90 80 70 80 + 50 60 20 90 + 40 
A triplex pa tu/a + + + + 
P11cci11ellia p11milo 
Solidago sempen•irens 20 30 + 20 
F es111ca ruhro + + 20 
Plamago moritimo + + JO 
Ruppia maritima 50 10 20 10 80 10 
Corex po/eocea 40 + 
Potemillo 011seri110 + 
Scirpus maritimus + 
Sportina pecti11ato + JO 
Trigloclrin maritima 40 + 
Gloux maritima 
Ju11c11sfiliformis 10 
Aster s11b11/a111s 10 
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DOGTOWN MACHlASPORT, MAINE transect 2 of 3 

m from bare mud 
I 3 s 7 9 II 13 IS 17 19 21 23 2S 

Spartina alterniflora 60 70 60 70 20 
Atriplex patula 10 + 
Triglochin maritima 10 
Salicornia europaea 10 
Eleocharis parvu/a + 
Solidago sempervirens + + + 
Spartina patens 60 
Carex pa/eacea 20 10 10 + + 10 20 10 
Glaux maritima + + 
Juncus gerardi 70 80 80 80 so 30 
F esruca rubra + + + 
Agrostis stolonifera + + 
Spartina pectinata + + 10 

EASTERN MARSH BROOK CUTLER, MAINE transect 4 of 4 

m from bare mud 
I 3 s 7 9 II 13 IS 17 19 21 23 2S 27 

Spartina a/terniflora so 20 30 10 10 30 10 
Suaeda maritima + 20 + + 
Salicornia europaea + 10 + + 
Spergularia canadensis 10 + 
Spartina par ens + 30 10 30 70 60 20 
P/amago maririma r + 10 + 10 r 
Atriplex parula + 10 + 
Limonium Nash ii + + 
Glaux maritima + + 
F estuca rubra + + 10 so 20 20 
Carex paleacea + 10 + 10 10 20 
Puccinellia pumila 
.luncus gerardi 20 90 90 80 10 
Triglochin maritima + 
Agropyron repens 10 20 
Agrostis stolonifera + 10 
Hordeum jubatum + 
Aster subu/atus + 

BELLS MARSH EDMUNDS TWP, MAINE transect I of 3 

m from bare mud 
I 3 s 7 9 II 13 IS 17 19 21 23 

Spartina alterniflora 90 99 99 99 60 + 
Spartina pa tens 10 99 80 80 + + 
Atriplex patu/a + + 
Suaeda maritima 
Solidago sempervirens 20 20 40 60 40 40 
Juncus gerardi + so 20 30 
F estuca rubra + 20 
Agropyron repens + + 
Plantago maritima + 10 
Triglochin maritima + 
Elymus virginicus + 
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WEST LUBEC WEST LUBEC, MAINE transect I of 4 

m from bare mud 
I 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 

Sparrina altem iflora 50 50 90 + 
Spartina pa tens 90 100 90 10 + 
Suaeda maritima + 
Atriplex patula + + 
Juncus gerardi 50 60 40 40 40 30 
Solidago sempervirens 20 10 10 + + + 
Agropyron repens + + 20 20 + 
F eswca rubra 10 10 20 10 10 + + 20 20 
Glau.x maritima + + 
Agrostis stolonifera + 20 10 10 10 + 10 20 + + 
Juncusfiliformis 10 10 20 20 20 10 10 
Aster subulatus + + + + 10 
Triglochin maritima + 30 + 10 10 + 
Poteflfilla anserina 
Carex pa/eacea + 10 10 10 + + + 40 40 
Eleocharis halophila 10 + 10 
Scirpus maritimus + 20 
Sparrina pectinata + 10 30 
Scirpus rubrotinctus 10 20 
Polygom1m sagittatum 

SOUTH LUBEC SOUTH LUBEC, MAINE 1ransec1 I of 3 

m from bare mud 
I 3 5 7 9 II 13 15 17 19 21 23 25 27 

Sparrina a/temif/ora 50 60 60 60 60 60 60 70 80 60 
Suaeda maritima + 
Carex paleacea 20 40 10 + 
Jrmcus gerardi 20 20 50 20 
Glata maritima + 20 30 + 
Triglochin maritima + + 
Plantago maritima 30 
Apriple.x pa tu/a + 
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ABSTRACT 

Coastal Maine is experiencing differential coastal warping at present, as revealed by tide gauge, releveling, and 
other data (Anderson et al., 1984). During 1983-1985, salt marshes were cored along the coast to obtain peats for 
radiocarbon dating, in order to construct local relative sea-level curves and establish the longevity of the warping. 
Supplementary cores were taken in subtidal environments where seismic profiling suggested the presence of buried 
datable horizons. Twenty-two localities were examined, and a suite of sixty-eight new radiocarbon dates were 
obtained. Forty-two of those dates were reliable high salt marsh peats in the age range of 5000-1500 yrs BP. Linear 
regression of these selected data suggests that local sea level rose relatively uniformly at a rate of 1.44 mm/yr from 
5000 to 1500 yrs BP. After 1500 yrs BP, sea level rose at a maximum of0.5 mm/yr until very recently. There is no 
consistent difference in local curves among four primary locations along the coast for the 5000-1500 yrs BP time 
period. Therefore, the present rate of differential warping must be a recent phenomenon. In contrast, there is a 
consistent difference between the Maine data and published Bay of Fundy sea-level data, suggesting an effect of 
differential growth in amplitude of tidal range through the late Holocene and/or a combination of residual 
glacioisostatic, neotectonic, and hydroisostatic factors. 
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INTRODUCTION 

As part of a study of crustal warping in coastal Maine, local 
relative sea-level curves have been constructed from localities 
in southern, central, and eastern coastal Maine (Figure I). These 
curves are used to investigate the longer-term, late Holocene 
evidence for postulated along-coast differential crustal warping 
of up to 9 mm/yr (Anderson et al., 1984 ). Salt marsh peats, 
which are produced by plant growth near sea level, can be dated 
by radiocarbon analysis. When basal high salt marsh peats are 
sampled in sequence along a sloping surface, problems of com
paction are avoided, and a reliable local relative sea-level curve 
can be constructed (Redfield and Rubin, 1962; Kaye and Barg
hoorn, 1964; Belknap and Kraft, 1977). To obtain reliable 
sea-level and time information, peats with identifiable high 
salt-marsh plant fragments must be obtained. This ensures that 
the peat accumulated within about 30 cm of mean high water 
(MHW) in mesotidal (2-4 m tidal range) settings (Bloom, 1964; 
Thompson, 1973). Typical plants in this range are Spartina 
patens and Juncus gerardi. When identified, peats must be 
cleaned of contamination resulting both from the coring process 
and from accumulated humic acids. For this study the cleaned 
peat was then dated by standard radiocarbon analysis at the 
Smithsonian fnstitution's Radiation Biology Laboratory. Local 
relative sea-level curves from several locations along the Maine 
coast can independently assess a possible crustal warping indi
cated by releveling, tide gauges, Pleistocene deltas, and historic 
and archaeological information (Thompson, 1980, 1981 ; 
Thompson and Kelley, 1983; Anderson et al., 1984). Variations 
in sea-level with position along the coast for various time planes 
allow a check on warping over the late Holocene time frame. 
The longer-term framework of Maine's late Quaternary sea-level 
changes has recently been discussed by Belknap et al. ( l 986a; 
1987b). 

METHODS 

Existing sea-level information in Maine, discussed below, 
has been suspect due to poor sampling techniques, questionable 
identification of dated material, and method of preparation. For 
this project a portable vibracorer, utilizing a 7.6 cm diameter 
aluminum core tube driven into the sediments by a gasoline
powered cement vi bracorer (Lanesky et al., 1979) is used (Figure 
2). This method provides a large diameter, continuous core up 
to 13 m in length on land or in water up to l 0 meters deep. The 
tube is sharpened and serrated, but no core cutter or catcher is 
used. After coring, the tube is capped, winched out with a tripod 
and "come-along" winch, and returned to the laboratory. Cores 
are cut along the edges with a carbide-tipped rotary saw, then 
split with a knife. Samples for radiocarbon analysis are imme
diately removed; the outer centimeter is cut off and the undis
turbed inner core is wrapped in aluminum foil , placed in plastic 
bags, and then frozen. The vibracoring technique usually 
provides a core completely undisturbed except for an outer 
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two-millimeter thick zone, which is liquified during penetration. 
The cores are described in detail as to sediment·texture, structure, 
color, and preserved organic materials and macrofossils. Sub
samples are also taken for future grain-size analysis and 
microfossil identification. One hemicylinder of the core is 
destroyed in this process. The other half is photographed, 
wrapped in plastic tubing, and stored for future study. 

Plant fragments sampled from the core are compared to 
collections from living marsh plants (both standard pressed 
specimens and preserved rhizome sections) and standard botani
cal keys (e.g., Gleason, 1963). In general the rhizomes are the 
most distinguishable macroscopic preserved parts (Johnson, 
1925; Allen, 1977; Atwater and Belknap, 1980). Future work 
may include microscopic sectioning of marsh peats, for a more 
complete environmental analysis (e.g., Allen, 1977). Table 1 is 
a listing of the salt marsh plants with recognizable rhizomes used 
to distinguish environments: 

Besides in-place roots and rhizomes, high salt marsh peat is 
characterized by a well preserved fibrous root mat, an H2S odor, 
very little inorganic sediment, high water content, and a yellow
brown color (e.g., Munsell 5Y4/2). Low marsh is often high in 
inorganic sediment, mud or sand, and dominated by Spartina 
alterniflora, a coarse, pale-yellow rhizome. Detrital materials 
are evident from broken fragments lying on horizontal bedding 
planes, a wide diversity of materials, sharp boundaries with no 
roots penetrating below, and a generally higher inorganic con
tent. The leading edge of the transgression is the salt marsh to 
upland or salt marsh to fresh marsh boundary. The former is 
characterized by detrital wood, bark, leaves and a poorly con
solidated character, often overlying the Presumpscot Formation, 
a local Pleistocene glaciomarine mud. Freshwater marsh is 
mahogany brown (e.g., Munsell 5YR5/1) and has a non-fibrous 

TABLE I. IDENTIFIABLE MARSH PLANTS IN SEDIMENT CORES 
FROM THE MAINE COAST: PRIMARILY RHIZOMES 

(Gradations between environments common.) 

Low Marsh: initial colonizer of tidal flats 
Spartina alterniflora 

High Marsh: broad mature marsh, low sedimentation rate 
Spartina pa tens 
Distich/is spicata 

Higher High Marsh 
Juncus gerardi 
Limonium nashii 
Solidago sempervirens 

Brackish Marsh (also in HHM) 
Scirpus maritimus 

Transitional Fresh Marsh 
Typha angustifo/ia 
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crumbly texture, which we refer to as "coffee-grounds." Organic 
fragments are often unidentifiable and there is little HzS odor. 
Salt pannes are identifiable by a blackened, macerated and 
somewhat stiffer zone, and are particularly noticable in X-ray 
radiographs. We have identified consequences of colonial 
diking (Smith and Bridges, 1980; Anderson et al., 1984), par
ticularly from marshes in eastern Maine. The diking temporarily 
changed the hydrography and ecology of marshes, in some cases 
leaving desiccated and burned zones overlain by abrupt transi
tion to muddy S. alterniflora-rich zones (a consequence of dike 
abandonment). 

Anderson and Borns ( 1983) have discussed the identifica
tion of salt marsh environments using foraminifera, based on the 
techniques of Scott ( 1977), Scott and Medioli ( 1978, 1980) and 
Smith et al. ( 1984 ). While we have preferred to base our iden
tifications primarily on identifiable plant remains (the material 
actually being dated), we are also in the process of checking the 
microfossils (Staples, 1988). Although D.B. Scott and co
workers emphasize the precision that foraminifers can give to 
marsh elevation analyses, they date wood fragments. These 
wood fragments can easily be transported, and may date older 
than the peats in which they are found. Addison II cores have 
been analyzed in detail during earlier phases of the NRC project 
(Anderson and Race, 1981 ), showing that the HHW level of 

Figure 2. Vibracorer - gasoline powered vibrator drives aluminum 
irrigation tubing into the sediment. After capping, the tube is winched 
out using a "come-along" and tripod. 
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rapid increase in total numbers of forarninifera is reached within 
the bottom 10-20 cm of the core, within the dark brown basal 
unit. In addition, we have sampled one core (Ail-VC-2) at 3 to 
30 cm intervals for pollen analysis, to compare it with established 
local pollen diagrams (Davis et al., 1975). 

In the course of correcting 14C data, the stable isotopic ratio 
of 13C/12C is routinely determined. Besides correcting for 
isotopic fractionation of 14C by various organic pathways, the 
ratio identifies terrestrial and marine plants (e.g., Sherr, 1982). 
For example, terrestrial grasses have a o 13C of -24 to -28 °/oo, 
planktonic diatoms of -20 to -22 °/oo, and Spartina alterniflora 
of -13 °/oo. Low marsh is thus distinguishable from terrestrial 
plant environments. J uncus on the other hand, has a o 13C of -26 
0 /oo, a terrestrial signature. 

Besides plant and microfaunal remains, sedimentary en
vironments are identified by texture, structures, and sequence, 
by comparison to modern environments. Identification of sub
tidal, tidal flat, channel, marsh, and upland deposits by specific 
sedimentary criteria has allowed more confident description of 
stratigraphy. Figure 3 is an example of the descriptive core log, 
for MR-VC-2. 

Elevation information is obtained by leveling with a transit 
or hand-level and tape. Elevations are referred to timing of water 
levels at stations as predicted from tide tables where benchmarks 
are unavailable (as is common). On independently leveled sta
tions, we have observed errors of no more than ± 15 cm when 
using tide-table predictions near main channels. Depth below 
marsh surface is measured on the rigid core. Compaction of the 
cored section often occurs during coring, but it is usually less 
than 5% of core length. It is assumed that most of this compac
tion occurs in the watery, fibrous sediments of the upper 1-2 
meters, based on comparisons with hand-driven cores at the 
same locations. 

Appendix A is a list of all cores taken during the 1983-1985 
NRC project. The present discussion focuses on vibracores with 
available stratigraphic and 14C information. 

Selection of materials for dating is the most critical problem 
in construction of a sea-level curve. Dating of salt marsh peats 
in a column or encroaching on historic structures can give an 
indication of sediment accumulation rates, but may not provide 
direct sea-level information. Movement of the plane of high
water level across a gentle slope is tracked by basal high salt 
marsh peats, which are not subject to displacement by autocom
paction. Peats within the sediment column are subject to dis
placement below their original position, by as much as 40% 
(Kaye and Barghoom, 1964; Belknap and Kraft, 1977). To find 
the appropriate slope for a basal peat transect, the reconnaissance 
hand corer (Eijkelkamp or "Dutch" corer) is used to locate the 
Holocene-Pleistocene boundary along the transect and to estab
lish a preliminary stratigraphic reconstruction. It is important to 
avoid creek meander belts, salt marsh over freshwater bogs, and 
areas of displaced peat blocks near tidal flats. Both coring 
methods allow careful examination for evidence of reworking 
such as ice-rafted pebbles and mud, flattened matted aerial plant 
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Figure 3. Example of descriptive core log for MR-VC-2, standard method of archiving, describing and sampling cores. 
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parts (stems and leaves), and sharp discontinuities. This is in 
marked contrast to coring methods employed by previous 
workers, such as the Davis corer of Thompson (1973), which 
disturbs the sediment, and takes discontinuous and very small 
volume samples, thus requiring multiple reentries to provide 
sufficient mass for 14C analysis. 

A further problem in constructing sea-level curves is con
tamination of basal peat. The bottom 10-20 cm of Maine mar
shes is a dark brown color, quite different from the rich 
yellow-brown salt marsh peats above. This is partly due to 
detrital bark, seeds, leaves and wood, the remnants of a wrack 
line at the leading edge of a transgressing marsh. Also, there 
appears to be a major concentration of humic acids over the base 
of impermeable Pleistocene till or Presumpscot Formation mud. 
This is different from the basal peats in Delaware, for example, 
where the Pleistocene is a penneable sand and gravel and there 
is little accumulation of humic acid (Kraft, 1971 ; Belknap and 
Kraft, 1977). Table 2 is a list of the 1982-83 radiocarbon dates 
from the Addison marshes. Note the extreme variability of 14C 

TABLE 2: ADDISON 14C DATES : 1982-1984. ROBERT STUCKEN
RATH, SMITHSONIAN INSTITUTION, RADIATION BIOLOGY 

LABORATORY. 

NaOH NaOH 
Insoluble Soluble 

Sample Type Depth Corrected o 13c Corrected o 13c 
# * MHW Age 0 /oo Age o/oo 

ADDISON I MARSH: ERODlNG FACE ON PLEASANT RIVER, 1982 
82-1 (W) 74cm 2220± 50 
82-2 (W) 73 1945 ± 60 
82-3 (SM) 70 1635 ± 50 -27.7 1595 ± 70 -25.2 
82-4 (TOC) 71 20 ± 80 -27.9 865 ± 75 -29.2 
82-5 (SM) 30 815 ± 45 -24.4 760± 60 -25.0 
82-6 (SM) 62-75 720 ± 45 -23.7 955 ± 65 -23.0 

ADDISON ll MARSH: VIBRACORES, 1983 

VIBRACORE 2 SI-
6203 (SM) 150-155 145± 95 -19.6 910 ± 95 -20.l 
6202 (SM) 210-2 15 820± 100 -15.3 4415±220 -15.7 
6201 (SM) 270-275 2960 ± 75 -21.1 28 15 ± 155 -20.3 
6200 (SM) 315-320 3415 ± 110 -23.4 I 10%modern -23.4 
6199 (SM) 384-393 4095 ±100 -23.0 3850± 70 -22.0 

YIBRACORE 3 
6207 (SM) 152-157 2595 ± 80 -18.5 137% modern 
6206 (SM) 209-214 1730± 75 -17.9 18IO± 130 -18.3 
6205 (SM) 269-274 2815 ± 50 -18.8 1885 ±JOO -19.3 
6204 (SM) 295-300 3170 ± 60 -26.6 3145± 85 -25.9 

VIBRACORE 4 
6210 (SM) 65-70 365 ± 70 -22.8 1040± 65 -20.6 
6209 (SM) 105- 110 1525 ± 75 -2S.2 550± 145 -27.7 
6208 (SM) 165- 170 1840± 110 -26.9 2170± 80 -27.2 

YlBRACORE 6 
6529 (SM) 72- 76 105.8% modern 
6530 (SM) 120-126 2150 ± 50 
6531 (SM) 146- 154 2780 ± 65 -22.4 
6532 (SM) 172-18 1 ( 1745 ± I I 0) ?? lab questionable 

*W =Wood; SM = Salt Marsh; TOC = Total Organic Carbon 
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apparent dates on the humic acid fraction which has been 
removed from the peats. The 1983 dates were not even from the 
darkest, most basal unit, yet still showed differences between the 
soluble and insoluble fractions. The variability of this material 
may call the Thompson (1973) and Anderson and Race (198 1) 
data into question, since they dated the basal material. It appears 
that there is a significant redistribution of both older and younger 
humic acids within the marsh, at least along the impermeable 
basal contact, and that only the insoluble fraction of peats should 
be dated. In addition, the 1983-1985 dates were taken 5-10 cm 
above the darkest humic acid impregnated material , avoiding the 
contaminated peat and sampling only the high marsh material. 
Compaction displacement should be less than 15 cm for those 
samples. Other samples within the peat column were dated to 
provide sedimentation rate and stratigraphic information. 

RESULTS 

Addison 

The most extensive information on Holocene sea-level 
changes in Maine is from marshes on the Pleasant River, near 
Addison, Maine (Figure 4). This area was first cored and 

67°46' 6 7•4 2' 

KILOMETERS 

.•.;; 
SAS 4 OFB 11/26164 

67 042' 

Figure 4. Location map for Addison transects; marshes AI and All as 
des ignated by Thompson (1973). 
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Figure 5. Addison II cross section C-D, based on 1983-1985 cores and radiocarbon dates. 

sampled for radiocarbon dating by Thompson ( 1973), and has 
been reoccupied for the NRC project by Anderson and Race 
( 198 1 ), Anderson and Borns (1983) and during the present 
project. During 1983, six vibracores and four Dutch cores were 
used to refine the stratigraphy ofThompson ( 1973) and to collect 
new 14C samples. A seventh core was taken in 1985 to clarify 
the stratigraphy. Nineteen 14C samples have been dated by the 
Smithsonian Radiocarbon Laboratory. 

The vibracores and Dutch cores were used to compile a 
stratigraphic cross-section (Figure 5) along the same line as 
Thompson's (1973) section C-D. Useful high salt marsh peats 
are found in the upper four meters of the section in vibracores 
YC-2, YC-3 and YC-4. Thompson's cores on this and the 
southermost transect showed apparently younger radiocarbon 
dates in the deeper facies, most likely due to blocks of high marsh 
slumped several meters down into the migrating tidal creek (the 
two deepest dates in Figure 7). High salt marsh has evolved from 
low marsh, which initially progrnded over protected tidal flats 

and creek margins, creating a stable accreting marsh environ
ment within the past 4000 years. This regressive sequence of 
high salt marsh over prograding low marsh may be due to a 
general late Holocene expansion of marshes in New England 
allowed by an inferred slower rate of sea-level rise (Davis, 191 O; 
Bloom, 1964, 1983; Scott and Greenberg, 1983; Oldale, 1985; 
Scott et al., 1987), or it may be more related to local paleogeog
raphy. In general, however, we have found no high marsh 
environments thicker than 5 meters anywhere in Maine. On 
Figure 5 the dashed lines are time-lines based on the radiocarbon 
dates. A general horizontal upgrowth of the marsh is indicated 
for the period 4000-1000 years BP Above this level, within the 
past I 000 years, there has been disturbance of the pattern in the 
marsh east of YC-3 (including YC-2, YC-1 , and DC-2). The 
Addison II creek has shifted position, most recently from west 
to east on the transect, creating unstable bank margins, with 
probable slump blocks. Figure 6 shows the modern creek with 
cut bank to the left (E) and point bar to the right, at the site of 
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Figure 6. Addison II creek at site of transect C-D, at mid-tide. View 
towards the south. Spartina alterniflora dominates the creek banks. 
Note the slumped blocks on the cut bank (left), progradation and 
accumulation on the point bar (right). 

transect C-D. An abundance of S. alterniflora and mud was 
noted in the upper two meters of VC-2, suggesting such an 
environment, with materials accumulating below MHW. Cores 
VC-1 and DC-2 show a possible, colonial-period influence in 
their upper one-meter sections. This is a compact, desiccated 
muddier unit with carbonized grass fragments, indicative of a 
prolonged period of burning. Over this unit is a muddy peat, rich 
in S. alterniflora, that rapidly grades to a high marsh peat at the 
present surface. This sequence is interpreted as representing 
construction of colonial-period dikes (Smith and Bridges, 1980, 
1983), a period of desiccation and burning, followed by flooding 
by seawater after the dikes were abandoned. Due to the artifi
cially low position with respect to sea level, the marsh initially 
was colonized by low-marsh vegetation and rapidly accumulated 
inorganic and organic material, until stabilizing at the present 
high marsh condition. 

Thompson's (1973) transect A-B, 200 m south of C-D, 
shows a stratigraphy of mudflat over peat, which is not common 
in Maine marshes. It also contains two radiocarbon dates (ca. 
2500 yrs BP) 4.1 and 4 .6 meters below present MHW, which are 
of questionable youth. These points are interpreted as displaced 
peat blocks along the margin of the Addison II creek, not usable 
for a sea-level curve. A second transect was completed at 
Addison II in 1983, along the line of Thompson 's ( 1973) transect 
E-F. This was shallower than the southern transect, and was 
sampled for supplementary 14C samples. 

Figure 7 is a plot of all the Addison sea-level data. The data 
are listed in Appendix B. The 1982-1983 data are also tabulated 
in Table 2. There are wide variations in the data, but several 
trends are obvious if some constraints are placed on the data: 
first, only insoluble fraction data are used; second, if only 
salt-marsh peats are considered (circles) the problems with scat-
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tered wood and total organic carbon data from 1982 are 
eliminated; third, the 1973 and 1981 data were disregarded 
because they were from samples of the most basal, heavily humic 
acid-contaminated basal unit; fourth, the deepest Thompson 
(1973) data may not be in place, and the two other queried data 
were probably contaminated in the field (Thompson, 1973, p. 
45), because of the Davis core sampling method. 

The 1983-1984 data greater than 1500 years in age, on the 
other hand, fall on a linear trend with high statistical significance 
(r = 0.93 , n = 11 , p < 0.01), at a sea-level rise rate of 1.32 mm/year 
for the period 4100 to 1500 yrs BP An unexplained phenomenon 
apparent in these new data is that the data from peats within the 
column and those near the base fall on the same linear trend, 
indicating little relative displacement due to compaction. This 
is unexpected, as compared to other studies (Kaye and Bar
ghoorn, 1964; Belknap and Kraft, 1977), and may indicate a 
continuing interpetive problem. Our preferred explanation is 
that the samples from 30 cm or greater above the base may 
behave similarly to the higher samples and that these thin, 
shallow, highly fibrous marshes may not demonstrate much 
differential compaction. 

Gouldsboro 

Gouldsboro Bay (Figure 8) has been extensively inves
tigated by researchers at the Smithsonian Institution since 1981 
(Shipp el al., 1985, 1987). Grand Marsh in Gouldsboro Bay has 
also been cored as part of the NRC project. Sixteen vibracores 
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Holocene sea-level change in coastal Maine 

68°56' (Appendix A) have been used to establish marsh stratigraphy 
along two transects, and ten radiocarbon samples have been 
dated. Figure 9 shows the northern transect, another example of 
a gentle slope with basal peats suitable for construction of a 
sea-level curve. The marsh in this area demonstrates generally 
constant upbuilding, but complex episodes of channel migration 
are evident in VC-44, 44A and 43. The channel in VC-44 was 
abandoned and fi lled with marsh after construction of the 
colonial period dike approximately 150 m north of this location 
in West Bay. 

The suite of radiocarbon dates from Gouldsboro (Appendix 
B) represent the least ambiguous trends of any sites discussed in 
this paper. All the samples were from basal high marsh peat, 
immediately above the heavily humic acid-impregnated zone. 
The nine data points older than 1500 years BP define a linear rise 
of sea level at a rate of 1.80 mm/yr, with a regression coefficient 
r = 0.90 (Figure 10). If Sl-6540 (4180 ± 70 yrs BP) is excluded, 
due to possible ice-rafting (?), the regression is even tighter, r = 
0.98, rising at 1.97 mm/yr. 

Penobscot Bay 

44•24 ' --~----~~-----~--~---

Three localities were examined in Penobscot Bay (Figure 
1), in conjunction with archaeological work by B.J. Bourque of 
the Maine State Museum (Belknap et al., l 986b). The Turner 
Farm Site in Fox Island Thorofare on North Haven Island and 
the Lazygut Island locality were both underwater vibracore 
transects based on seismic profiling information. They were 
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Figure 8. Location map for coring transects in Grand Marsh, 
Gouldsboro Bay. 
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Figure 10. Gouldsboro Bay local relative sea-level curve. The regres
sion line is based on the nine new basal peat points. Previously acquired 
data is in some cases suspect due to heavy humic saturation and possible 
ice-rafting. 

intended to provide a local relative sea-level curve and 
paleogeographic reconstructions for archaeological investiga
tions. Each provided datable Mya arenaria shells. Marsh Cove, 
also on North Haven Island, was selected as the only available 
marsh site for the younger data. The archaeological-geology 
project is described elsewhere (Belknap et al., 1986b), and is not 
direct ly a part of the NRC project, so will not be discussed fully 
here. Anderson and Race (1981) also dated salt marsh peats at 
Holt Pond marsh as part of the NRC project. In addition, a study 
by Ostericher (1965) reports a possibly useful date on a piece of 
wood on the Pleistocene/Holocene contact at 20 m below MHW 
in northern Penobscot Bay. 

Penobscot Bay sea-level data are presented in Appendix B 
and plotted in Figure 11, which also includes Damariscotta
Sheepscot data. Regression on the salt marsh data older than 
1500 yrs BP yields an r = 0.82, at a rate of rise of 1.08 mm/yr, 
which is probably less reliable than the curves presented pre
viously. 

Damariscotta and Sheepscot Rivers 

Both the Damariscotta and Sheepscot Rivers have been 
intensively studied with the use of high resolution seismic profil
ing (Belknap et al., I 986a, l 987a). In selected locations, under
water vibracores have been taken (Appendix A) for stratigraphic 
analysis. Fortuitously, several datable shells and one peat were 
found. The peat in DR-VC-6 (Appendix B) was dated, and 
represents the oldest and deepest reliable sea-level indicator in 
this study (14.94 m below MHW, 6296 ± 55 yrs BP). Anderson 
and Race ( 1981) also dated peats from a marsh in the Sheepscot 
River drainage at South Newcastle. 
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The Damariscotta-Sheepscot data are plotted with the 
Penobscot Bay data in Figure 11 for a generalized mid-coast 
sea-level curve. The importance of this curve is in the deeper, 
older segments, since we have limited salt marsh data using our 
new methodology. A curve-fit program suggests that an ex
ponential curve, as shown in Figure 11, fits the 16 data points 
best, with an r = 0.89. 

Popham 

The Popham Beach area (Figure 12) is a complex study 
environment at the mouth of the Kennebec River which is 
composed of rocky headlands, beaches, barrier spits, tidal inlets, 
marshes, and tidal flats. Three coring transects with a total of 8 
vibracores were completed in 1983, in Atkins Bay and on the 
Morse River. 

Figure 13 is the Atkins Bay transect A-A' . Recovered core 
samples and the surficial sediments within the area demonstrate 
that the Kennebec River has supplied a large volume of sand to 
the system, either in the Holocene (Nelson and Fink, 1978) or 
through reworking of an early Holocene glacio-fluvial delta 
(Belknap et al., 1986a). The three vibracores and the Dutch core 
all refused in sand, and failed to penetrate to the Pleistocene. The 
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stratigraphy for this transect demonstrates a regressive sequence 
of more protected marsh and intertidal flat environments 
prograding to the northeast into the Atkins Bay subtidal system. 
The basal sand is probably partly fluvial, perhaps from an earlier 
abandoned channel of the Kennebec River. The upper section 
of sand is from a late Holocene tidal delta. The protected flats 
and marsh prograded and aggraded after the southern link with 
the open sea was closed. Two radiocarbon dates come from this 
transect, but due to their position within the column they may 
not be reliable sea-level indicators. The peat in AB-VC-3 may 
in fact be a reworked block. 

Nelson and Fink ( 1978) have discussed 2 radiocarbon dates 
on S. alterniflora from this area, as shown in Figure 14. The 
resulting sea-level trend is distinctly displaced from the Addison 
data, but shows a similar rate of rise. This may indicate a 
differential rate of relative sea-level rise between the regions, or 
it may indicate that the older datum of Nelson and Fink ( 1978) 
is not in place, an analogue of the sample from AB-VC-3. 

Figure 15 presents the transect on the Morse River, M-M ' 
completed in 1983. MR-VC- 1 and 2 are on a small tributary 
creek, while MR-VC-3, 4, and 5 are to the west on the larger 
Morse River. The two parts of the transect are separated by a 
bedrock hill. The main Morse River channel is choked with 
sand, and has apparently migrated extensively between the con
fining bedrock walls during the Holocene. Salt marsh is less than 
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Figure 14. Popham local relative sea-level data. Dashed line is a weakly 
correlated regression line based on only four high and transitional marsh 
data points. 

two meters thick on this transect. The eastern transect, on the 
other hand, within a more sheltered position, contains over four 
meters of salt marsh. It too shows a complex history of tidal 
creek migration. This area, like Atkins Bay, was strongly in
fluenced by the course of the Kennebec River and the shifting 
spit and inlet patterns at the coast. The eight radiocarbon 
samples from these cores are not on a simple smooth slope as at 
Addison and Gouldsboro and are based on sand. The Popham 
sea-level data are presented in Appendix B and plotted in Figure 
14. Only four data points are reliable high or transitional marsh 
greater than 1500 yrs BP. SI-6552 was questioned by R. Stuck
enrath and is considered unreliable due to its small size. The 
remainder of the dates are on low marsh. In Figure 14, a 
regression line through those four points rising l.33 mm/yr is 
shown, but the r value of 0. 77 indicates relatively weak correla
tion. 

Wells 

The final major salt marsh coring locality to be discussed 
in detail is Wells (Figure 16). This marsh system was cored in 
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the summer of 1984 after extensive reconnaissance Dutch 
coring, with nine vibracores and twelve 14C samples resulting. 
Wells has an extensive broad marsh behind a series of barrier 
spits anchored to rock and till outcrops. The Webhannet River 
inlet has supplied abundant sand to the system. Backbarrier 
environments here are confined in the landward direction by a 
distinct topographic scarp, possibly a fonner shoreline cut during 
regression in the late Pleistocene. The evolution of the Wells 
area has been discussed in detail by Hussey (1970) and Mcintire 
and Morgan ( 1964), and the geomorphology has been presented 
by Fink et al. (1985). 

Figure 17 shows the northern transect L-L' comprised of 
eight Dutch cores and five vibracores. All bottomed in sand, at 
various elevations. There is a second vibracore transect to the 
south (R-R' on Figure 16) and a north-south Dutch core tie line 
which have further traced the thickness of Holocene peats. The 
eastern end of section L-L' is dominated by tidal delta and 
channel sands, with subordinate muddy channels and peats. The 
central zone is dominated by high marsh. The landward, western 
zone is increasingly dominated by brackish to freshwater peat. 
There is clear evidence of transgression of salt marsh over fresh 
marsh from W-VC-5 westward. 

Construction of a reliable sea-level curve is hampered by 
the lack of basal peats. However, the salt marsh and transitional 
marsh (mixed Spartina patens and S. alterniflora) data follow a 

WELLS EMBAYMENT - Webhannet River 

LOWER LANDING ROAD TRANSECT 
19-21 June 1984 L' 

VE = 50x E 

"' ' "' r<> (.) ' 
(.) 

"' ' ' "' 0 (.) 0 
(.) 0 

(.) > i > > 
' 0 ' 
~ ' 

"' 
' \ 

I 

HOLOCENE 
FLOOD TIDAL 

f:h,~ 
. . . . . 

500 600 700 800 900 1000 

DISTANCE IN METERS 

Figure 17. Webhannet River Marsh cross section L-L' (Lower Landing Road), based on 1984 Dutch and vibracores. 

97 



D. F. Belknap and others 

103 RAOIOCARBON 

WELLS , ME 
LOCAL RE LATIVE 
SEA LEVEL 

YEARS B . P. 

0 
0 

HIG'I LOW 

I D 
E 
p -MSL 

T 
H 

2 M 
E 
T 
~- MLW 
5- LLW 

SAt.l SALT SlVr.IP5 4 
NARSH Mi'l.MSH 

TIMSON, 0 
197$ 

HJ5<i[l , A 
1959 

Figure 18. Wells local relative sea-level curve. Regression of data older 
than 1500 yrs BP slopes 1.87 mm/yr, while regression including dates 
older than 1300 yrs BP slopes 1.37 mm/yr. 

consistent trend (Figure 18). Wells radiocarbon data are listed 
in Appendix B. The nine new NRC data points greater than 1500 
years BP follow a linear trend of 1.87 mm/yr sea-level rise (r = 
0.88). After 1500 years BP, the rate of sea-level rise slowed to 
at most 0.5 mm/yr until recently. Other paleosea-level indicators 
in the area include peats dated by Timson ( 1978) and Mcintire 
and Morgan (1964) which closely follow the same trend, and 
stumps dated by Hussey (1959, 1970), which are consistent with 
this curve (although they are not always reliable sea-level in
dicators). 

Other Localities 

Besides the areas discussed above, we have conducted 
reconnaissance and detailed surveys at ten other locations (Fig
ure I and Appendix A). They were primarily intended to search 
for thick marsh sequences and datable peats along the coast, in 
order to compare the various regions in light of the postulated 
warping. 

Cores were taken in Deer Meadow, Cod Cove, and Cush
man Cove in the Sheepscot River. Unfortunately, they were not 
suitable for sea-level information. The Cod Cove and Cushman 
Cove tidal flat cores contain no datable materials, while the Deer 
Meadow salt marsh cores all overlie thick freshwater bog peats, 
and are thus probably displaced by compaction. 

A diligent search in the Eastport-Perry area, near the 
greatest indicated deleveling velocities of Tyler and Ladd 
( 1980), produced no suitable marshes for a sea-level curve. In 
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Perry, a marsh was found with several meters of brackish muddy 
peat, and also an extensive but very thin low marsh. Neither was 
usable. Other localities were worse. Machias Bay seems to hold 
the only prospect for deep marshes near the maximum delevel
ing; it is presently being investigated. 

Hay (1988) has completed a M.S. thesis in northeastern 
Casco Bay, primarily in Maquoit Bay and the Royal River. 
Vibracores with 21 Pb, 137Cs, 14C, and pollen analyses contribute 
further to our understanding of Maine's relative sea-level chan
ges. Eight radiocarbon dates have been completed within the 
Sea Grant project for that area. 

DISCUSSION 

The Maine coast is undergoing an apparent regional warp
ing, as indicated by the releveling studies of Tyler and Ladd 
(1980), elevation of deltas (Thompson et al., 1983), historic 
information (Smith and Bridges, 1980, 1983) and archaeological 
data (Sanger, 1981), as summarized by Anderson et al. (1984) and 
furthur discussed in this volume. In addition, tide gauge infor
mation (Hicks, 1983) demonstrates the reality of modern, ongo
ing differential rates of relative sea-level rise along the coast 
from Portsmouth to Portland and to Eastport (Figure 19). The 
present difference between Portland and Eastport tide gauge 
records is 0.9 mm/yr. Reilinger (1987) suggests that the relevel
ing data cited by Anderson et al. (1984) may be contaminated by 
an erroneous 1943 survey, and that the true velocities are similar 
to those shown by the tide gauges. Brown (1978) discusses 
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Figure 19. Tide gage records for Maine and New Hampshire, based on 
data from Hicks et al. (1983) and Hicks (written communication, 1981 
and 1982 data). Linear regression for 1940-1982 data, monthly 
averages averaged to mean annual sea level, reported at 0.01 foot 
precision, converted to millimeters. Note the along-coast progression 
of increasing rate of sea-level rise. 
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differences between releveling and tide gauge data in greater 
detail. We have cored salt marshes and subtidal sites from 
widely separated locations along the coast to address the problem 
of the warping on a longer (6000 year) time scale. 

In order to compare the results at various locations along 
the coast, all the new radiocarbon dates are plotted together in 
Figure 20. Selection of a datum for this plot is a problem, 
because of variations in tides along the coast. Although Jardine 
(1975) recommends Mean Tide Level (MTL) for comparing 
existing sites, determinations of paleotidal ranges is still under
way (e.g., Scott and Greenberg, 1983). In order to reduce 
proliferation of "correction factors," MHW was retained as the 
datum. (In any case, a similar plot and regression analysis using 
the MTL datum revealed little difference between the two 
methods.) Using all 1983-1985 NRC data that are between 6000 
and 1500 yrs BP, that are determined to be free of obvious lab or 
field problems, and that consist of high or transitional marsh 
peats (see Appendix B), a linear regression analysis yields a 
curve rising at 1.44 mm/yr, r = 0.89 for 37 points. The rate of rise 
slowed to a maximum of0.5 mm/yr after 1500 yrs BP (until very 
recently, according to the tide-gage data). There is no consistent 
trend in slopes of sea-level rise curves along the coast, and 
regression models reveal that the separate curves are no different 
from the overall curve. 

The Maine curves are similar to the Plum Island and other 
northeastern Massachusetts data (Redfield, 1967; Mcintire and 

Figure 20. Compilation of all new NRC and related data points for 
Maine relative sea-level curve. Datum is mean high water (MHW). 
Linear regression is based on 37 high and transitional marsh peats 
> 1500 yrs BP. Also shown is an alternative regression with inflection 
at 2500 yrs BP. 
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Figure 21. Comparison of Maine relative sea-level curve with published 
curves from Cape Cod and northeastern Massachusett s (Redfield and 
Rubin, 1962; Mcintire and Morgan, 1964; Redfield, 1967). The Maine 
curve is shown with the 2500 yrs BP inflection point, and the diagonal 
hachured envelope is drawn around the basal peat data points from 
Maine (not shown). 

Morgan, 1964; Oldale, 1985), as shown in Figure 21. It is 
possible to fit linear trends to the Maine data before and after an 
inflection point at 2500 yrs BP, as with the Massachusetts and 
Bay of Fundy data. This yields a linear trend of 1.9 1 mm/yr rise 
(r = 0.84, n = 34) for data prior to 2500 yrs BP. Linear regression 
on only the basal peats between 5000 and 2500 yrs BP shows a 
very similar rate of rise at 2.03 mm/yr with an even tighter fit 
(r= 0.91, n = 12 omitting the Gouldsboro outlier at 4180 yrs BP). 
The Maine and northeastern Massachusetts curves differ from 
the Cape Cod curve (Redfield, 1967), which shows more relative 
subsidence. 
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There may be a suggestion of along-coast warping or some 
other factor, perhaps including Cape Cod, but definitely continu
ing into Atlantic Canada. Comparison of the Maine curve with 
the Canadian data of Scott and Greenberg (1983) and Smith et al. 
( 1984), (replotted to MHW and a common scale) shows (Figure 
22) a distinctly steeper slope for the latter. The differentially 
greater enhancement of tidal range in the Bay of Fundy with 
rising sea level (Grant, 1970; Amos, 1978; Scott and Greenberg, 
1983) may explain some of this difference, as the difference 
between MHW and HHW becomes greater, but there is still a 
residual when this correction is applied (Figure 22). There may 
also be a tectonic or isostatic effect causing this warping. Quin
lan and Beaumont (1981, 1982) have modeled glacioisostatic 
responses due to different ice thicknesses that may account for 
these differences, recently summarized by Scott et al. ( 1987). 
We suggest that hydroisostatic loading (Bloom, 1967; Grant, 
1970; Belknap and Kraft, 1977) of the Bay of Fundy and the Gulf 
of Maine with continuing sea-level rise may also play a part in 
this warping, or may at least be triggering a tectonic mechanism 
along the margins of the Triassic-Jurassic basins. 

CONCLUSIONS 

During the 1983-86 field seasons 20 localities in eastern, 
central and southern coastal Maine were cored for stratigraphic 
investigation and radiocarbon-datable sea-level indicators. The 
result of these 68 new dates, of which 42 are reliable salt marsh 
peat sea-level indicators, is a linear rise of sea-level at a rate of 
1.44 mm/yr from 5000 to 1500 yrs BP, followed by a marked 
slowing to a maximum of0.5 mm/yr until very recently. A good 
fit is also obtained for a rise of 1.91 mm/yr from 5000 to 2500 
yrs BP and 0.71 mm/yr after 2500 yrs BP, thus showing an 
inflection point similar to that in published New England and 
Atlantic Canadian curves. Previous NRC data are comparable 
to the 1983-1985 data, while some data points collected by other 
investigators using other methods is not directly comparable. 
There is no indication of major along-coast warping in the period 
prior to 1500 yrs BP from at least northeastern Massachusetts to 
Addison, Maine. The observed along-coast differences in tide
gage, releveling, and other phenomena must be related to a very 
recent process. On the other hand, there are consistent differen
ces between our data and the Bay of Fundy, suggesting some 
combination of differential increase in tidal range, residual 
glacioisostasy, neotectonics and hydroisostatic loading. 
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Location Date 

NORTHEAST COAST 

Perry 

Baileys Mistake 
The Rim, 
East Machias 

Sanborn Marsh, 
East Machias 

Crocker Poin1. 
Machiasport 

EAST CENTRAL COAST 

Addison (II) 7/21/83 

19 
14

C dates 
7/22/83 

10/3/85 
Grand Marsh. 10/26/82 
Gouldsboro Bay 

10 14C dates 

11/ 18/83 

Marsh Cove, 7 /27 /84 
North Haven I. 

3 14C dates 
Turner Farm. 7/26/84 
North Haven I. 
(Fox Island Thorofare) 
2 

14
C dates 

Lazygut Island 8/8/85 

8/9/85 

WEST CENTRAL COAST 

Muscongus Bay 7 /12/84 

7/20/84 

Holocene sea-level change in coastal Maine 

APPENDIX A: NRC CORING LOCALITIES, MAINE. 1983-1985 

Yibracore Length (m) 
Marsh = M 

Tidal Flat= TF "Dutch" Core 
Subtidal = ST Reconnaissance 

AU-YC-1 
All-YC-2 
AII-YC-3 
AII-YC-4 
All-YC-5 
All-YC-6 
All-YC-7 
GB-C36 
GB-C37 
GB-C38 
GB-C39 
GB-C40 
GB-C41 
GB-C42 
GB-C43 
GB-C44A 
GB-C44 
GB-C45 
GB-C46 
GB-C47 
GB-C48 
GB-C49 
GB-C50 
M-YC-1 
MC-YC-2 
MC-YC-3 
MC-YC-4 
TF-YC-1 
TF-YC-2 
TF-VC-3 

LG-YC-1 
LG-YC-2 
LG-YC-3 
LG-YC-4 
LG-YC-5 
LG-YC-6 
LG-YC-7 

MS-YC-1 
MS-VC-2 
MS-VC-3 
MS-YC-4 
MS-VC-5 
MS-YC-6 
MS-VC-7 

6.40 (M) 
3.71 (M) 
3.58 (M) 
1.58 (M) 
3.88 (M) 
2.71 (M) 
4.80 (M) 
4.22 (M) 
3.20 (M) 
2.27 (M) 
1.39 (M) 
1.04 (M) 
5.38 (M) 
5.66(M) 
4.48 (M) 
5.75 (M) 
3.42 (M) 
3.17 (M) 
2.13 (M) 
l.19 (M) 
1.18 (M) 
0.81 (M) 
4.25 (M) 
2.30 (TF) 
2.54 (M) 
2.22 (M) 
5. 14 (M) 
6.93 (ST) 
4.56 (ST) 
3.33 (ST) 

2.39 (ST) 
1.40 csn 
1.72 (ST) 
1.77 (ST) 
2. 19 (ST) 
2.31 (ST) 
1.96 (ST) 

6.48 (ST) 
4.51 (ST) 
4.19 csn 
1.95 (ST) 
2.26 (ST) 
9.04 (ST) 
0.80 (ST) 

P-DC-1 
P-DC-2 
BM-DC-I 
RI-DC- I 
Rl-DC-2 
Rll-DC-1 
Rll-DC-2 
SN-DC- I 
SN-DC-2 
CP-DC- 1-5 

6/13/84 
10/4/85 
6/13/84 
8/23/84 

8/23/84 

7/5/83 

All-DC-1-3 6/29/83 
All-DC-5 7/2 1/83 

(R.C. Shipp. 
Smithsonian Inst. 
Marine Systems Lab.) 

MC-DC-1 -5 7/26/84 

Location Date 

Yibracore Length (m) 
Marsh = M 

Tidal Flat= TF "Dutch" Core 
Subtidal = ST Reconnaissance 

WEST CENTRAL COAST (CONTINUED) 

Damariscotta 10/22/83 DR-YC- 1 2.15 (ST) 
River DR-YC-2 4.38 (ST) 
I 14C date 5/11/84 DR-VC-3 8.00 (ST) 

GP-YC-1 7.75 (ST) 
GP-YC-2 7.57 (ST) 

7/16/84 DR-YC-4 1.93 (ST) 
DR-VC-5 4.50 (ST) 
DR-VC-6 7.54 (ST) 
DR-YC-7 8.4 1 (ST) 
DR-YC-8 5.93 (ST) 
DR-YC-9 5.46 (ST) 
DR-YC-10 4.66 (ST) 

7/ 16/85 DR-YC-1 1 1.oo csn 
8/5/85 DR-YC-12 2.55 (ST) 

DR-YC-13 2.80 (ST) 
Deer Meadow 8/11 /83 DM-YC- 1 3.35 (M) DM-DC-1-20 June. 
Marsh, Edgecomb DM-YC-2 6.89 (M) 1983 

DM-YC-3 3.63 (M) 
DM-YC-4 2.72 (M) 
DM-YC-5 1.35 (M) MA-DC-I 4/14/84 

Cod Cove, 7/29/83 CO-YC-1 9.06 (TF) CO-DC-1-15 June, 
Edgecomb CO-YC-2 8.53 (TF) 1983 

CO-YC-3 3.55 (M) 
CO-YC-4 2.8 1 (M) 

Cushman Cove, 8/16/83 CU-VC-1 6.95 (TF) CU-DC-1-15 July. 
Wiscasset CU-YC-2 6.88 (TF) 1983 

CU-VC-3 7.29 (TF) 
CU-VC-4 5.14(M) 

Sheepscot River 7/19/84 SR-YC- 1 6.62 (TF) SR-HC- 1 7/19/84 
SR-YC-2 6.40 (ST) 
SR-VC-3 4.93 (ST) 
SR-YC-4 J.98 (ST) 

10/10/85 SR-VC-5 1.97 (ST) 
SR-VC-6 2.00 (ST) 
SR-VC-7 2.75 (ST) 

Atkins Bay. 8/18/83 AB-VC-1 4.20(M) AB-DC-1-3 8/18/83 
P?f,ham AB-YC-2 3.56 (TF) 

2 C dates AB-YC-3 4.17 (TF) 
Morse River. 8/ 19/83 MR-YC-1 3. 19 (M) MR-DC- 1-6 8/19/83 
P?f,ham MR-YC-2 3.79 (M) 

8 C dates MR-VC-3 1.35 (M) 
MR-YC-4 3.25 (M) 
MR-VC-5 5. 19 (M) 

Maquoit Bay. MQ-DC- 1-24 8/84 
Freeport 

SOUTHWEST COAST 

Webhannet River 6/20/84 
Marsh, Wells 

W-YC-1 
W-YC-2 
W-YC-3 
W-YC-4 
W-VC-5 
W-YC-6 
W-YC-7 
W-YC-8 
W-YC-9 

12 14C dates 

Total: 

6/2 1/84 

96 Yibracores 
136 Dutch cores 
57 

14
C dates 

2.87 (M) W-DC- 1-7 6/18/84 
5.90(M) W-DC-8- 17 6/19/84 
4.95 (M) W-DC- 18-27 6/22/84 
4.33 (M) 
5.26 (M) 
4.14 (M) 
6.10 (M) 
4.97 (M) 
3.40 (M) 
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APPENDIX B: SUMMARY OF RADIOCARBON DATES 

ADDISON, ME: Al MARSH 

Lab# Core 
# 

Material 
Depth 
MHW 
(m} 

Corrected o13C Raw Age 
Age 

THOMPSON, 
Sl- 1260 
Sl-1342 
Sl-1265 
Sl-1267 

1973 MS THESIS UMO 
BM 0.69 
BM 1.31 
(BM)* 2.10 
BM 2.63 

*Contaminated During Sampling 

ANDERSON AND RACE, 
Sl-4434 AID- I BM 

1981 NRC REPORT 
0.33-0.41 

Sl-4435 AIB-2 BM 
SJ-4832 AIA-2 BM 
Sl-4833 AIC-3 BM 
BORNS. 1982 NRC 

HM 
BM 
TOC 
w 
w 
HM 

1.57-1.67 
1.87-1.97 
3.50-3.60 

0.30± 
0.70 ± 
0.71 ± 
0.73± 
0.74 ± 
0.62-0.75± 

815±45 
1635±55 

20±80 
1945±60 
2220±50 

720±45 

-24.4 
-27.7 
-27.9 

-23.7 

ADDISON, ME: ADDISON II MARSH 

Depth 
013c Lab# Core Material MHW Corrected 

# (m) Age 

THOMPSON, 1973 MS THESIS UMO 
Sl-1259 BM 0.49 55±155 
Sl-1261 BM 1.21 
Sl- 1262 BM 1.45 
SI-1263 (BM)* 1.70 
SI-1343 BM 1.85 
SI- 1264 BM 1.76 
SI-1344 BM 2.43 
SI-1266 BM 2.58 
SI-1268 BM 3.18 
Sl-1269 BM 3.48 
SI-1270 BM 4.15 
SI-1271 BM 4.58 

BELKNAP ET AL. , 1983-1984 NRC 
Sl-6203 AII-VC-2 HM 1.34-1.39 145±95 -19.6 
Sl-6202 AII-VC-2 TM 1.94-1.99 820±100 -15.3 
Sl-620 1 Ail-VC-2 HM 2.54-2.59 2960±75 -2 1.1 
SI-6200 All-VC-2 HM 2.99-3.04 3415±110 -23.4 
SJ-6535 All-VC-2 (TM) 3.25-3.29 2100±75 -2 1.8 
Sl-6 199 All-VC-2 BHM 3.44-3.50 4095±100 -23.0 
Sl-6207 Ail-VC-3 TM 1.30-1.35 2595±80 -18.5 
Sl-6206 AII-VC-3 TM 1.90-1.95 2730±75 -17.9 
SI-6205 AII-VC-3 HM 2.50-2.55 2815±50 -18.8 
SI-6204 AII-VC-3 BHM 2.76-2.8 1 3170±60 -26.6 
Sl-62 10 Ail-VC-4 HM 0.17-0.22 365±70 -22.8 
SI-6533 Ail-VC-4 (HM)* 0.38-0.43 55± 190 -22 .4 
Sl-6209 AII-VC-4 HM 0.72-0.77 1525±75 -28.2 
SI-6534 AII-VC-4 HM 1.03-1.08 1245±70 -27. 1 
SI-6208 AII-VC-4 BHM 1. 12-1. 17 1840±110 -26.9 
Sl-6529 All-VC-6 HM 0.72-0.76 

Sl-6530 All-VC-6 HM 1.20-1.26 
SI-6531 All-VC-6 HM 1.46-1.54 2780±65 -22.4 
SI-6532 All-VC-6 (BHM)* 1.72-1.81 1745± 11 0 -22.3 

104 

1550±170 
1820±100 
1305±110 
2255±95 

1250±65 
2610±90 
1520±110 
3315±75 

Raw Age 

1785±95 
2415±110 
1445± 170 
1780±11 5 
2220±125 
2440±80 
1910±115 
2545±120 
2385±95 
2545± 110 
2460±105 

60±95 
665± 100 

2900±75 
3390± 11 0 
2045±75 
4065±100 
2490±80 
26 15±75 
27 15±50 
3195±60 

330±70 
15±90 

1575±75 
1275±70 
1870±110 
105.8% 
MODERN 
2150±50 
2735±65 
1700±110 

GOULDSBORO, ME.: GRAND MARSH. NRC 1983-1984 

Lab# Core 
# 

Material 
Depth 
MHW 
(m) 

Corrected o13C Raw Age 
Age 

GOULDSBORO BAY, 1981-1982: SHIPP, SMITHSONIAN INST. 
Sl-54 17 GB-C2 BM 1.97 1490±45 
Sl-542 1 GB-C7 (BM) 4.19 3535±50 
SI-5418 GB-CS (BM) 3.23 5940±70 
SI-5423 GB-Cl I S 1.33 2050±105 
Sl-5424 GB-C 11 (BM) 1.51 4070±50 
Sl-5425 GB-Cl2 W 1.18 1465±50 
Sl-5426 GB-C l2 W* 1.93 2315± 130 

GOULDSBORO BAY, GRAND MARSH, NRC 1983-1984 
North Transect: 
SI-6536 GB-C48 BHM 
SI-6537 GB-C47 BHM 
SI-6538 GB-C46 BHM 
SI-6539 GB-C45 BHM 
SI-6540 GB-C44 BHM 
SI-654 1 GB-CSO BHM 
SI-6542 GB-C44A BHM 
South Transect: 

0.52-0.58 
0.96-1.03 
1.14- 1.20 
1.88- 1.94 
2.76-2.82 
3.76-3.82 
4.38-4.44 

570±50 
2010±60 
2325±65 

4 180±70 
3580±75 
3940±50 

-25. l 
-25.7 
- 16.8 

-16.9 
-24.6 
-16.6 

570±50 
2020±60 
2225±65 
2740±55 
4050±70 
3575±75 
3805±50 

SI-6543 GB-C39 
SJ-6544 GB-C38 
Sl-6545 GB-C37 

BHM 0.35-0.42 
BHM 1.10-1.16 
BHM 2.66-2.72 

1775±50 
2550±50 
3045±65 

-23.1 1745±50 
-27.6 2595±50 
-18.2 2935±65 

PENOBSCOT BAY, ME 

Lab# Core 
# 

Material 
Depth 
MHW 
(m) 

Corrected ll 13C Raw Age 
Age 

UPPER PENOBSCOT BAY, OSTERJCHER, 1965 
W- 1306 2 11 W 20+ 7390±500 

HOLT POND MARSH, STONINGTON, ANDERSON AND RACE, 1982 
SI-4596 HD- I BM(?) 0.83-0.89 1825±55 
Sl-4595 HC-3 BM(?) 1.37-1.43 1880±150 
SI-4767 HB-3 BM(?) 1.84-1.94 655±75 
SJ-4768 HA-3 BM(?) 2.19-2.29 2835±70 

FOX ISLAND THOROFARE. BELKNAP AND BOURQUE, 1984 
GX-1 1004 TF-VC-2 S-MA 11.96 5880±105 2.0 
GX-11005 TF-VC-3 S-MA 8.31 5430±100 1.6 

MARSH COVE, NORTH HAVEN, BELKNAP & BOURQUE 1984 
GX- 11006 MC-VC-4 HM 1. 12 2145± 125 -19.0 
GX-11007 MC-VC-4 HM 1.87 3255±150 -27.7 
GX-1 1008 MC-VC-4 W 2.83 3700±200 -26.3 

LAZYGUT ISLAND, BOURQUE, 1984 PROPOSAL (UNPUB.) 
Sl-4650 DREDGE S-CV 8-11 6100±65 

Lab# 

DAMARISCOTTA AND SHEEPSCOT RIVERS, ME. 

Core 
# 

Material 
Depth 
MHW 
(m) 

Corrected ll13C Raw Age 
Age 

SOUTH NEWCASTLE MARSH, ANDERSON AND RACE, 1982 
Marsh River, Tributary to Sheepscot River. 
Sl-4834 SNF-1 BM(?) 0.75-0.85 2280±50 
Sl-4835 SND-2 BM(?} 1.21 -1.31 980±100 
S 1-4836 SNC- 1 BM(?) 2.03-2.13 2630± I 00 
Sl-4837 SNB-1 BM(?) 2.32-2.42 435±75 

DAMARISCOTTA RIVER SUBTIDAL, BELKNAP ET AL. NRC 1984 
Sl-6617 DR-VC-6 BHM 14.92- 14.96 6295±55 -27.8 6340+55 
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APPENDIX B: CONTINUED. 

POPHAM BEACH. ME: MORSE RlVER MARSH AND ATKINS 
BAY MARSH AND TIDAL FLAT 

Lab# Core 
# 

Material 
Deplh 
MHW Correc1ed 1> 13C Raw Age 
(m ) Age 

POPHAM VILLAGE. PHIPPSBURG - NELSON AND FINK. 1978 
LM 1.49 2740±70 (- 12) 

ATKINS BAY - NELSON AND FINK, 1978 
LM 3.96 5920±100 (- 12) 

ATKINS BAY - BELKNAP ET AL., NRC 1983 
SI-6554 AB-VC- 1 HM 1.15-1.22 TOO SMALL -20.8 
SI-6555 AB-VC-1 HM 1.58-1.67 2865±70 -23.0 2835±70 

MORSE RIVER - BELKNAP ET AL, NRC 1983 
SI-6546 MR-VC-1 HM 0.60-0.66 155±45 
S l-6547 MR-VC-1 HM 2.51-2.57 2540±55 
Sl-6548 MR-VC-1 (BHM) 3.35-3.42 3585±65 
Sl-6549 MR-VC-2 TM 1.08-1.15 540±60 
Sl-6550 MR-VC-4 HM 1.08-1.14 1305±60 
Sl-6551 MR-VC-4 TM 1.43- 1.53 1505±80 
Sl-6552 MR-VC-5 (TM)* 1.24-1.29 3335±250 
SI-6553 MR-VC-5 LM 2.06-2.16 2 11 5±50 

-18.9 
-17.0 
- 15.9 
- 17.4 
-18.6 
-19.0 
-1 6.9 
-18.7 

60±45 
2410±55 
3440±65 

420±60 
1205±60 
1410±80 
3205±250 
2015±50 

CASCO BAY, ME: MAQUOIT BAY AND ROY AL RIVER 

Lab # Core 
# 

Material 
Depth 
MHW 

(m) 
Correc1ed 1>13C Raw Age 

Age 

NORTHEASTERN CASCO BAY: SEA GRANT 1985-87 
Maquoit Bay: 
GX-12205 MQM-VC-1 HM 1.88- 1.98 2685±170 -13.2 
GX-12206 MQM-VC- 1 HM 2.63-2.73 2865±230 -15.6 
GX-12207 MQM-VC- 1 TM 3.78-3.88 3495±280 -1 9.3 
GX-12208 MQM-VC-4 S-CV 2.87-2.97 3790±170 1.0 
Royal River: 
GX-12209 RR-VC-1 S-MA 5.92-6.02 3265±160 0.3 
GX- 12210 RR-VC- 1 s 8.52-8.62 4310±175 -0.5 
GX-12211 RR-VC- 1 w 8.92-9.02 4025±80 -27.0 

Lab# Core 
# 

SACO BAY 

Depth 
Malerial MHW Corrected 1> 13C Raw Age 

(m) Age 

BIDDEFORD POOL. HULMES. 1980 
VC-2 LM 2.65±.30 985±80 

SACO BAY. FIELD ET AL., 1979 
GX-2151 121 FWM 13.8 7655±320 

WELLS, ME: WEBHANNET RIVER MARSH 

Dep1h 
1>13C Lab# Core Material MHW Corrected 

# (m) Age 

1983- 1984 NRC DATA 
SI-66 18 W-VC-1 HM 0.72-0.80 1470±55 -16.6 
Sl-66 19 W-VC-1 TM 1.25-1.32 3080±70 -20.5 
Sl-6620 W-VC-7 HM 2.76-2.86 3865±55 -18.1 
Sl-6621 W-VC-8 HM 0.92-0.98 1345±55 -17.0 
Sl-6622 W-VC-8 LM 1.69-1.75 1755±55 -17.0 
Sl-6623 W-VC-2 (HM) 5.46-5.54 5 135±70 -17.7 
S l-6624 W-VC-3 TM 2.38-2.44 2495±80 -17.2 
S l-6625 W-VC-4 HM 3.81-3.89 3780±55 - 17.7 
S l-6626 W-VC-5 HM 4.71-4.78 4380±55 - 16.8 
S t-6627 W-VC-6 HM 2.34-2.40 3105±70 -17.1 
Sl-6628 W-VC-6 TM 3.01-3.07 3705±50 -17.6 
Sl-6629 W-VC-6 HM 3.80-3.86 4220±60 -17.4 

TIMSON, 1978 (UNPUB LISHED) THE MAINE G EOLOGIST 
0.23 
0.58 
0.83 
1.07 

HUSSEY. 1959, 1970 
W-508 W-B WRS 1.83 
W-396 W-M WRS 0.76 
W-509 KBW WRS 2.6-3.5 (Kennebunk Beach) 
W-510 KBE WRS 1.7-3.5 (Kennebunk Beach) 

MCINTIRE AND MORGAN, 1964 (Kennebunk Beach) 
BHM(?)0.8±?? 

I IM= High marsh (S. pate11s. } . gerardi) 
LM= Low marsh (S. alterniflora) 
TM= Transitional low to high marsh (S. altemiflora +S. pate11s) 
BM= Basal marsh (+ terrrestrial and humic compounds) 
BHM= Basal high marsh 
FWM= Freshwaler marsh 
S= Shells: MA=Mya are11aria: CV=Crassostrea 1•ir!{i11ica 
W= Wood 
WRS= Wood. rooted Slump 
TOC= Total organic carbon 
*= Contaminated in lield ; too small; or lab questionable 
()= Questionable 

Raw Age 

1355±55 
30 10±70 
3755±55 
12 15±55 
1625±55 
5020±70 
2370±80 
3665±55 
4250±55 
2980±70 
3585±50 
4 100±60 

1290±? 
2340±? 
2630±? 
2860±? 

2810±200 
2980±180 
1280±200 
3250±200 

1900±105 
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ABSTRACT 

Analysis of archaeological site locations can be used to help assess localized rates of sea-level rise provided 
certain conditions are met, and assumptions about the relationship between sea level and archaeological land 
surfaces are accurate. Provided it can be shown that marine-adapted peoples lived on contemporary shorelines, and 
that a particular stretch of shoreline exhibited equal potential for habitation, then differential preservation by age 
of site may be indicative of differential land erosion rates. This model is used to discuss the relative rates of sea-level 
rise for the Maine coast, divided into four shore zones. 

For each of the zones the archaeological evidence is reviewed together with an assessment of site loss due to 
sea-level rise and coastal erosion. It is concluded that the oldest coastal sites are found in the Penobscot Bay area, 
where 5000 year old sites are still relatively intact. The shortest record occurs in Passamaquoddy Bay where sites 
are no older than 2500 years. Erosion of sites, and perhaps rate of submergence, is clearly greater in Passamaquoddy 
Bay than elsewhere in the study area. 

In addition to documentation of differential site preservation, archaeology can contribute to sea-level rise studies 
through the analysis of changing habitats resulting from drowned estuaries. Research on the oyster shell middens 
along the Damariscotta River indicates just over 1 meter of sea-level rise over the past 2500 years. 

These figures may be compared with data gathered by other methods to arrive at a synthetic statement of 
sea-level rise and/or coastal submergence due to crustal subsidence. 

INTRODUCTION 

Archaeological sites have long been used as a means for 
relative dating of landforms and surfaces. Archaeological dating 
has been invaluable for reconstructing river terrace, coastal, and 
delta formation sequences in the lower Mississippi River valley 
(Mcintyre, 1958, 1971; Saucier, 1974). Archaeology has also 
been used to document tectonic and sea-level fluctuations 
around the Mediterranean Sea (Flemming, 1969, 1978; Galili 
and others, 1988; Ronnen, 1983), on the French Atlantic coast 
(Scarre, 1984), along the Peruvian Coast (Richardson, 1983; 
Sandweiss and others, 1983; Sandweiss, 1986), on the Brazilian 
coast (Fairbridge, 1976), and in the Arctic (Andrews and others, 

1971 ). There have also been many attempts to use archaeological 
dating to provide sea-level data along the U.S. east coast (e.g., 
Brooks and others, 1979; Brooks and others, 1986; Colquhoun 
and Brooks, 1986; DePratter and Howard, 1981; Goldthwait, 
1935; Holmes and Trickey, 1974; Johnson, 1942; Johnson and 
Raup, 1947; Michie, 1973). In this paper we use prehistoric sites, 
ranging in age from 6,000 to 350 years before present (B.P.), to 
independently assess relative sea-level rise and coastal sub
sidence along the Maine coast. The basic assumption underlying 
this practice is that cultural occupation of a surface postdates the 
geologic processes that created the surface. Dating the cultural 

107 



D. Sanger and D. C. Kellogg 

occupation, therefore, provides a minimum age for the surface, 
or landform. 

These applications involve many assumptions and expecta
tions about geological processes (Belknap and Hine, 1983), 
cultural behavior, archaeological site formation (Gluckman, 
1982), site preservation, and archaeological research. The logi
cal foundations of the archaeological dating of landforms have 
never been completely outlined. Because we are attempting to 
independently corroborate geological studies of sea-level 
change along the Maine coast, we feel that it is necessary to make 
explicit the assumptions behind our study. Moreover, such an 
exercise helps to insure against the possibility of circular reason
ing (Kellogg, 1988). 

ASSUMPTIONS 

The idea that archaeology might contribute useful informa
tion to a study of coastal stability is based on a simple premise: 

Older coastal archaeological sites indicate an older, more 
stable, coastline. 

Underlying that premise is a series of assumptions about 
cultural behavior and archaeology, geomorphology and coastal 
processes, and the interaction between culture and environment. 
If conclusions about coastal stability or relative sea-level rise are 
to be drawn from coastal archaeology, then the validity of those 
assumptions must be determined. Table 1 outlines these assump
tions for the Maine coast. The discussion that follows is keyed 
to Table 1. 

Geologic Assumptions 

I. The geology of the Maine coast is uniform. Direct 
comparison among archaeological sites all along the Maine coast 
would assume that the geology of the entire region can be 
compared, and that relative sea-level fluctuations have affected 
all areas in the same ways. Coastal processes, then, would have 
similar consequences for all archaeological sites along the coast. 

This assumption does not apply to the Maine coast. The 
coast can be divided into four, or five, sections of similar geologi
cal structure (Kelley, 1987; Timson, 1977; Shipp and others, 
1985 :6-9). Southwest of Cape Elizabeth, the coast is dominated 
by wide arcuate bays with sand beaches and marsh systems 
extending between bedrock promontories. From the Portland 
area to Owls Head on the west side of Penobscot Bay, the coast 
is composed of complex, indented embayments, controlled by 
deformed metasedimentary bedrock (see, for example, map by 
Hussey in this volume). The section from Penobscot Bay east to 
Cutler is dominated by granitic, intrusive rocks. The western half 
of this section is composed of large islands and bays, and the 
eastern half has smaller islands and bay complexes. The rest of 
the coast to the east is characterized by linear cliffs of meta vol
canic bedrock. 
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TABLE I. MAJOR ASSUMPTIONS LN THE USE OF 
ARCHAEOLOGY TO STUDY COASTAL STABILITY 

Premise: Older coastal sites indicate older coastline; therefore, slower relative 
sea-level rise. 

I. The geology of the Maine coast is uni form. 
A. Similar geological processes operate all along the coast. 
B. Coastal processes have not changed through time. 
C. Geological research has been uniform along the coast. 

II. The archaeology of the Maine coast is uniform. 
A. Cultural occupation has been spatially uniform. 

1. Initial occupation of the coast occurred about the same time. 
2. Similar settlement locations were available in all areas. 
3. Archaeological sites are primary refuse discarded at the 

location of use. 
4. Sites were along the shore when occupied. 

B. Cultural occupation was uniform through time. 
1. All areas of the coast were equally attractive to settlement 
through time. 

2. Similar settlement locations were available through time. 
C. Archaeological research has been uniform 

The bedrock differences create a wide variety of coastal 
environments and situations. Exposure to coastal processes 
produced by waves and currents is extremely diverse (Kelley, 
1987). Tidal range grades from 2.4 m at Kittery to over 6.5 m at 
Eastport. Furthermore, surficial deposits are not uniform along 
the coast (Thompson and Borns, 1985). Tills cover most of the 
landscape, but can be interbedded with and overlain by glacial 
outwash or Presumpscot Formation glaciomarine silts and clays. 
Thicknesses of unconsolidated sediments are also highly vari
able. 

I. A. Uniform response processes. Although the physical 
Jaws that govern waves and currents can be held constant, the 
geologic and geomorphic variability of the coast means that 
processes and responses are diverse. For example, sand beaches 
(Nelson, 1979; Nelson and Fink, 1980; Fink and others, 1988) 
respond to coastal processes differently than do rocky cliffs 
(Emery and Kuhn, 1980, 1982). Relative sea-level fluctuations, 
therefore, may result in different geomorphic responses (see 
Fink, 1985; Kelley, 1985; Kelley and others, 1986; Sanger and 
Kellogg, l 985a). Barrier beach type shores, as in the southwest 
section of the Maine coast, respond to sea-level rise by migrating 
landward. Unconsolidated sediments comprising the terrestrial 
shore are often overridden by sand. Former terrestrial sediments 
may be exposed to erosion at wave base as continued submer
gence moves the beach farther landward (Belknap and Kraft, 
1981 , 1985; Fink, 1985; Kraft and others, 1983; Schwartz, 
1967). 

Where barrier beaches do not occur on the Maine coast (i.e. , 
most of the coast east of Cape Elizabeth), sea-level rise largely 
results in the direct erosion of unconsolidated sediments. The 
course of erosion, however, proceeds in different fashions 
depending on the composition and configuration of the shore, 
and exposure to marine and climatic processes (Kellogg, 
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1982:111-117, 1984:100-133, l985a; Timson, 1977). Thus, 
unifonn responses to geological and marine processes do not 
occur along to the entire Maine coast. 

J.B. Uniform coastal processes through time. A complicat
ing factor of coastal processes is brought out by models of the 
Gulf of Maine tidal system (Grant, 1970; Scott and Greenberg, 
1983). Tidal range has changed as sea level has risen throughout 
the Holocene. The present day phenomena of the coast may not 
be directly representative of past processes at a particular loca
tion.Moreover, postglacial, relative sea-level rise against a com
plex topography can create changing shoreline configurations, 
and bathymetry. Thus, wave refraction patterns would change 
through time, even if wave approach patterns from stonns 
remained constant. 

J.C. Uniform geological research. Finally, geologic re
search has been uneven along the coast of Maine. Only very 
recently has intensive research been carried out all along the 
coast (Belknap and others, 1987; Hay, 1988; Kelley and others, 
I 987a; Kelley and others, I 987b; Kelley and others, 1988; Shipp 
and others, 1985; Shipp, 1989). Specific information on the 
impacts of sea-level fluctuations on shore processes are still 
lacking for many areas, but are the topics of active research by 
the Maine Geological Survey and the University of Maine. 

In summary, it would be erroneous to base a study of coastal 
stability, relative dated by archaeological sites, on assumptions 
of uniform geology along the coast of Maine. Geological 
variability significantly complicates archaeological com
parisons among different sections of the coast. 

Archaeological Assumptions 

II. A. 1. Uniform initial occupation of the coast. It must 
be assumed that the entire area of interest was settled at the same 
early date. Early coastal occupations (see Figure 1 and Table 2) 
have been discovered in Newfoundland and Labrador where 
emergence of postglacial shores has occurred (Andrews and 
others, 1971 ; McGhee and Tuck, 1975; Tuck, I 976a, b; Tuck and 
McGhee, 1975). Traces of similar occupations have been 
claimed for northern New England (Tuck, 1975), and may be 
expressed at the Turner Farm and Goddard sites in Maine (Bour
que, 1975; Bourque and Cox, 1981 ), although the earliest intact 
Maine coastal sites date no older than about 5200 B.P. (Bourque, 
1975). The earliest dated coastal occupations in southern New 
England are around 5000 B.P. at the Boylston Fishweir site at 
Boston (Arnold and Libby, 1951; Byers, 1959; Dincauze, 1973, 
1988; Johnson, 1942; Kaye and Barghoorn, 1964 ), and the 
Hornblower II site on Martha's Vineyard (Ritchie, 1969; 
Richardson, unpublished). Farther south, oyster shell middens 
along the lower Hudson River estuary have been dated to about 
7000 B.P. (Brennan, 1974). 

Although the dates for initial occupation of coastal zones 
in general has been the subject of much discussion (Bailey, 1983; 
Bailey and Parkington, 1988; Braun, 1974; Osborn, 1977; 01-

dale, 1985; Perlman, 1980; Snow, 1972), an assumption of early 
Holocene coastal occupation seems reasonable. Habitation of 
the Maine coast, however, may be complicated by changes in the 
environments of the Gulf of Maine (Sanger, 1975). Conditions 
in the Gulf of Maine may not have been conducive to intensive 
occupation much before about 6000 B.P. There were, however, 
people both to the north and south of the Maine coast utilizing 
coastal resources long before the earliest dated occupations of 
sites along the Maine coast. Beach finds and material dredged 
up by fisherman (Sanger, 1975; Spiess and others, 1983; Sanger, 
1988) also suggest earlier occupation along the coast than is 
preserved on land. 

II. A. 2. Similar settlement locations available. Because 
there is great geologic variation in the coast, the assumption that 
similar types of settlement locations were available is unwar
ranted. Settlement pattern analysis of Ceramic Period shell mid
den sites in the Boothbay (Kellogg, 1982) and Muscongus/St. 
George (Kellogg, 1984) regions found many similarities in set
tlement patterns, but minor differences due to environmental 
variation occur. Since these two regions are adjacent in the 

TABLE 2. KEY TO 14C DATED SITES SHOWN ON FIGURE [. 

Archaeological Lab Material Reference 
Site Number Dated 

A. Sandy Cove Sl-1791 Ch Fitzhugh, 1975 
B. Arrowhead Mine SJ-1799 Ch McGhee and Tuck, 1975 
c. Forteau Bay 3 P-687 Ch Wilmeth, 1978 
D. Port aux Chaix 1-3788 Ch Tuck, 1976b 
E. Curtis GSC-834 Ch Wilmeth, 1978 
F. The Beaches SI-1384 Ch Carignan, 1975 
G. DcEe-3a Qu-444 Ch Barrette and others, 1981 
H. Savoie S-713 Ch Rutherford and oth., 1975 
I. Bear River S-158 Ch Wilmeth, l 978 
J, Port Mouton GaK-1271 Ch Wilmeth, 1978 
K. Minister's Is. Y-1293 Ch Wilmeth, 1978 
L. Gt. Spruce Is. SI-6367 S-My Sanger, unpublished 
M. Goddard SI-4255 Ch Bourque and Cox, 1981 
N. Fernald Point SI-3428 Ch Sanger, 1980 
0. Nevin Si- 1551-C Sw Byers, 1979 
P. Kidder Point Beta-5486 Ch Speiss and Heddon, l 983 
Q. Turner Farm SI-1925 Ch Bourque, 1975 
R. 16-154 SI-6933 S-M Kellogg, 1985b 
s. Stanley Sl-1532 Sw Sanger, 1975 
T. Glidden Midden Sl-6361 S-0 Sanger and Sanger, 1986 
u. Davis Tobie RL-748 Ch Bourque, unpublished 
v. Moshier ls. Dic-2428 S-0 Yesner, I 984b 
W. Seabrook Marsh GX-4824-G HB Robinson, l 985a 
X. Peddock"s Is. GX-2528 UR Dincauze, 1974 
Y. Boylston Street 0-1902 w Dincauze. 1973 
z. 19BN308 GX-9703 s Borstel, 1984 
AA. Hornblower II SI-7 125 S·M Richardson, unpublished 
BB. Jamestown Brg. Beta-9256 UR Cox, 1985 
CC. Staten Is. 1-5331 Ch Ritchie and Funk, 1973 
DD. Fralinger 1-6730 Ch Mounier. 1974 
EE. Dogan Point L-1381 S-0 Brennan. 1976 

Key to Material codes: Ch= Charcoal; S-My= Mya arenaria shell; Sw= 
Swordfish bone; S-M= Mercenaria mercenaria shell; S-0= Crassostrea vir
ginica shell; HB= Human bone; W= Wood: UR= unreported: S= unspecified or 
mixed shell. 
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Figure I. Early radiocarbon-dated coastal archaeological sites. Sites shown are coastal habitations that reflect a definite association 
with contemporaneous sea level. A few sites are less clearly associated with sea level, but reflect a prehistoric presence in the coastal 
zone. Not all radiocarbon-dated sites are shown. A key to the locations shown on the figure is provided in Table 2. 
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west-central Maine coast, further differences might be expected 
among the major geological divisions of the coast. Sites in Casco 
Bay (Yesner, 1979), for example, are oriented differently in 
relation to wind approach directions than sites in the Boothbay 
area because of differences in bedrock orientation. 

II. A. 3. Archaeological sites are primary refuse. The 
assumption that Maine coastal archaeological sites are primary 
refuse (in the sense of Schiffer, 1972) is valid in the majority of 
cases. Evidence from numerous excavations indicates that most 
sites were villages or campsites, and not simply trash dumps 
formed by transporting garbage away from occupation areas, or 
created by shucking shellfish away from the residential area. 

11. A. 4. Occupation was at the contemporaneous shore. All 
evidence indicates that sites on the present coast were along the 
contemporaneous shore during occupation (see discussion of 
Passamaquoddy Bay for some exceptions, however). Some shell 
midden refuse may have been deposited over the bank into the 
intertidal zone, but has been dispersed by marine processes. 
Neither are Maine's coastal sites redepositional (Gluckman, 
1982); that is, they have not been reworked by geological proces
ses. For example, sites have not been eroded, reworked, and 
emerged during sea-level fluctuations. 

II. B. Uniform cultural occupation through time. Tem
poral uniformity of coastal occupation has not been established 
for the Maine coast. In fact, gaps in occupation are found in many 
sites. The Turner Farm site, however, contains a record of almost 
continuous occupation, at least on a seasonal basis, throughout 
the last 5000 years. It is likely that gaps in occupation along some 
sections of the coast have resulted from the changes in environ
ments that have occurred. Before a conclusion about coastal 
stability could be drawn from the existence of such gaps, cultural 
factors have to be ruled out. 

II. B. I. All areas were equally attractive to settlement. A 
major assumption is that all areas of the coast, despite variations 
in the physical environment, were equally attractive to prehis
toric occupation throughout the past. If some areas of the coast 
developed useful resources earlier than other areas, or if some 
areas never developed attractive subsistence resources, then 
differential settlement could result in spatial and temporal 
hiatuses in archaeological data. 

II. B. 2. Similar settlement localities were available. Again, 
the geologic variation in the coast and complex interactions 
between shores and relative sea-level rise have probably in
fluenced the availabi lity of suitable or desirable sett lement loca
tions. Thus, gaps in settlement may be due to the lack of 
campsites and not coastal erosion due to sea-level rise. Assump
tions of cultural uniformity through time are not warranted on 
the strength of currently available data. 

II. C. Archaeological research has been uniform. The 
presence of an archaeological site on the coast is the result of 
prehistoric cultural activity. Preservation of the site depends on 
the effects of natural processes that can destroy sites. Ar
chaeological inrerest in the investigation of a site is the final 
factor influencing our knowledge of coastal prehistory. 

TABLE 3. MAINE COASTAL ARCHAEOLOGICAL SITE DATA BY 
GEOLOGICAL COMPARTMENT. 

Geologic No. of % of Coastal Surveyed Percent 
Region Sites Sites Length Length Surveyed 

(km) (km) 

Southwest 27 1.7 504 <25 >5% 
South-central 8 16 51.5 1637 >1000 >60 
North-central 680 43.0 2436 >500 >20 
Northeast 60 3.8 681 ? 
Totals 1583 100.0 5285 >15 15 >29 

Coastline lengths for each geological region were taken from Kelley ( t 987) and 
measured from 7.5" quadrangles. Actual figures for the length of coastline 
surveyed for archaeological sites are not available for some sections of the coast 
(Speiss, personal communication). Estimates of shore surveyed are based on 
measurements by Kellogg (1984:55), and review of unpublished survey reports 
and notes on file at the University of Maine Archaeology Lab in 1986. The type 
of survey has varied so that the numbers provide only a rough guide to the data 
base. 

Archaeological research has not been uniform along the 
coast, and the data base is of mixed utility. Only a few areas have 
been intensively and systematically surveyed for sites (Table 3). 
The areas that have received the most interest are those where 
sites are more obviously abundant, or large, and most accessible. 
Coastal erosion is a factor because sites have been exposed to 
discovery by erosion. Furthermore, archaeological research 
since the I 860's has had very different purposes, and therefore, 
methods and results. Information gathered by one study is not 
always comparable with other studies. For example, coastal 
stability was a major component of the research centered around 
Muscongus Bay, Boothbay, the Damariscotta River, and in part, 
Passamaquoddy Bay. Other areas of the Maine coast have less 
useful data relative to the issue of sea-level rise. Thus, ar
chaeological knowledge of the coast of Maine is not even. 

CHRONOLOGY 

Radiocarbon Dating 

Age determinations for archaeological sites are based on 
two different, yet related techniques: radiocarbon dating and 
comparative dating. Although radiocarbon dating needs little or 
no introduction as a technique, there are a number of technical 
and associational problems that bear on the current discussion. 
Many archaeological excavations yield inadequate amounts of 
wood charcoal for dating. Although charcoal is preferred, other 
organic items, such as bone, antler, or shell, are often submitted 
for dating. 

Because most of the coastal sites are shell middens, an 
attempt has been made to use the ubiquitous shells for dating. 
Problems associated with shell dates in Scandinavia were dis
cussed by Mangerud (1972). In other parts of the world various 
difficulties, which range from old 14C in the marine environment 
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(Stuiver and others, 1986) to carbonate uptake by shells from 
local calcareous rock (Tanaka and others, 1986) have been noted. 

A comparison of radiocarbon dates on a small number of 
paired charcoal and shell samples from sites in the Passamaquod
dy Bay region of New Brunswick (Sanger, 1981 a) found that 
dates overlapped at the one standard deviation range. Borstel 
( 1984) reported dates on paired charcoal and shell samples from 
Cape Cod sites; preliminary indications were that the shell dates 
may be several hundred years too old compared with charcoal 
dates. Bourque (personal communication) has commented that 
the shell dates received from the Turner Farm site in Penobscot 
Bay seem too young compared with charcoal dates. As part of a 
program to assess the utility of different shell types for chronol
ogy purposes in the Boothbay Region, soft-shell clams (Mya 
arenaria) and American oyster (Crassostrea virginica) from_ 
17th century contexts at the Pemaquid Restoration site were 
radiocarbon dated. It was hoped that a correction factor, if 
necessary, could be determined for this particular research area 
by dating shells of a known, pre-bomb age. The preliminary 
results, prepared by R. Stuckenrath (personal communication), 
are inconclusive because no consistent trends can discerned. 

Shell dates from sites in the Boothbay and Muscongus Bay 
regions, when compared with charcoal dates, indicate that there 
are problems yet to be solved with shell dates. In general, it 
would seem that shells from the marine environments of the 
central Maine coast may date too young when compared with 
charcoal. To what extent this is a matter of the marine environ
ment in general, localized carbonate availability, or even post
mortem carbon uptake from shells higher up in the stratigraphic 
column of shell middens, is unknown. Because the experiments 
necessary to solve these problems have not been undertaken, a 
potentially valuable dating tool is under- developed. 

It is important to stress that, in our opinion, shell dates 
should not be condemned out of hand. For example, oyster shells 
from the Damariscotta River shell middens returned dates that 
meet our expectations based upon charcoal dating, and are, 
therefore, utilized in this chapter. Until such time as the required 
level of experimentation can be carried out, our policy is to use 
shell dates only when charcoal is unavailable, and there is no 
reason to believe that there is a biasing affect. 

Comparative Dating 

In addition to direct radiocarbon chronology, we utilize a 
chronology based indirectly on radiocarbon dating. In the com
parative dating methodology, stylistically similar artifacts within 
an area are considered to be of roughly the same age. The theory 
behind this approach is basically an "index fossil" one, and has 
been demonstrated appropriate in this and many other areas. 
Cumulative research has demonstrated that along the coastal 
regions of Maine there are a number of highly distinctive ar
tifacts that occur only within restricted time periods. Other 
artifacts may be found throughout the archaeological record and 
are thus of little value as temporal markers. 
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TABLE 4. CULTURAL CHRONOLOGY FOR THE MAINE COAST. 

1000 B.P. Late Ceramic 

2000 B.P. Middle Ceramic 

3000 B.P. 
Early Ceramic 

4000 B.P. 
Susquehanna Tradition 

5000 B.P. Late Archaic Moorehead Phase 

6000 B.P. 

7000 B.P. Middle Archaic 

8000 B.P. Early Archaic 

9000 B.P. 

10,000B.P. 
Paleoindian 

11,000 B.P. 

Table 4 lists the cultural time periods, and their ages based 
on radiocarbon dates. Following regional convention, we label 
the time periods by a terminology inherited from the pre
radiocarbon dating era. There are strengths and weaknesses 
involved with the comparative dating technique. One of the 
strengths is that it assists in overcoming the problem of inade
quate charcoal for dating purposes. In a limited survey and 
testing program archaeologists may recover diagnostic artifacts 
but not enough charcoal for dating, or the charcoal may not be 
in good association with the artifacts for any of a number of 
reasons. Dating random, unassociated bits of charcoal from any 
archaeological site is of limited utility. Under these circumstan
ces, it is better to rely on a well-dated, comparable artifact 
assemblage from a nearby site. There is a potential problem with 
the comparative method in that it assumes a commonality of 
artifact forms within a particular research area at any given time. 

Overall, the comparative dating technique, when applied 
with appropriate caution, is a valuable one, and for the purposes 
of the following discussion should be considered as valid as the 
multiple radiocarbon dates on which it is based. Archaeologists 
will usually reject a radiocarbon date as appropriate for the 
archaeological manifestation if it does not accord well with the 
overall regional cultural chronology. This criterion for accep
tance of a radiocarbon date is comparable to that employed in 
geology, palynology, and other sciences utilizing the radiocar
bon methodology. 

REVIEW OF ARCHAEOLOGICAL DATA 

In this section the archaeological data bearing on the prob
lem of coastal stability will be reviewed for areas of the coast. 
The coast has been investigated by archaeologists in cir
cumscribed areas that do not correspond directly to the geologi
cally defined sections discussed above. Seven areas that have 
received more or less attention will be discussed. Of these, only 
the Boothbay, Damariscotta River, Muscongus Bay, and Pas-
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samaquoddy Bay areas were examined with coastal stability and 
sea-level rise as a major research focus. 

The Southwestern Coast 

This section of the coast corresponds to the southwestern 
geologic compartment of Kelley ( 1987) and Shipp and others 
( 1985), and extends from the New Hampshire border to Cape 
Elizabeth at the western end of Casco Bay. Arcuate bays with 
barrier beach/marsh systems have formed between bedrock 
capes along here. The metasedimentary bedrock is covered by 
thick deposits of glacial sediments. Intrusive igneous rock 
bodies form most of the headland capes. 

Archaeological Research. Archaeological research in this 
area has been extremely limited. Only 27 prehistoric ar
chaeological sites are known from 504 km of shoreline, but only 
about 5% of the shoreline of the area has been surveyed. Recent 
interest has been sparked by discoveries along the northern 
Massachusetts and New Hampshire coasts of partially sub
merged sites in the back-barrier, marsh environment (Robinson, 
1985a). Because the coast south of Portsmouth, N.H. is very 
similar to the southwestern Maine coast, the sites there are 
pertinent to this discussion. Two partially submerged sites have 
been test excavated. The Nelson Island site is located in the salt 
marsh behind Plum Island, Massachusetts. Late Archaic Period 
artifacts have been discovered at 60 cm below the marsh surface 
in a paleosol context. An extensive collection from the intertidal 
mudflat adjacent to the marsh contains many diagnostic Late 
Archaic Period artifacts (Robinson, I 985a). 

At the Seabrook Marsh site a human burial was encountered 
at an elevation of 2.45 m below the marsh surface. The collagen 
fraction of the bone dated to 4185±255 B.P. (Robinson, l 985a). 
Based on Keene's ( 1971) study of Seabrook Marsh, Robinson 
estimated that the burial was interred when mean high water 
(MHW) was 10 ft (3 m) below the elevation of the burial pit. 
The Seabrook Marsh site also yielded an extensive collection of 
Late Archaic Period artifacts from primary contexts. Based on 
archaeological data, the minimum change in the elevation of 
MHW is about 2.7 mover approximately the past 4000 years. 

Robinson ( l 985b) later carried out a survey of about I 0 km 
of intertidal areas around Scarborough, Maine, in hopes of 
discovering similar sites. A possible prehistoric hearth was dis
covered in a buried soil horizon exposed by a ditch through the 
marsh. No artifacts were discovered with the fire-cracked rock, 
however, and no date estimates are avai lable. 

Another short survey was recently carried out by Will 
( 1986) in the York River area. Only one new prehistoric site was 
discovered. Collect ions of prehistoric artifacts in local historical 
society museums were also examined. Some Archaic age 
material has been collected in the area, but the provenience of 
these finds is uncertain. No recent excavations have been carried 
out in the southwestern section of the Maine coast. 

Discussion. From the scant evidence available, this section 
of the coast was occupied at least as early as the Late Archaic 

period, roughly 5000 B.P .. The research of Robinson (1985a, b) 
suggests that sites around the marshes can become submerged 
and preserved by rising, relative sea-level in the low-energy, 
back-barrier, environment. This process corresponds to delayed 
erosion in the model of Kraft and others (1983). It is very 
different from the preservation potential that exists on most of 
the rest of the Maine coast. 

No sites have been reported from the barrier sand beach 
coast. A few sites have been found at the juncture of sand beach 
and bedrock promontories. This suggests that sites may have 
extended out onto the beach, but have long since eroded. 

Casco Bay 

The Casco Bay research area extends from Cape Elizabeth 
to Harpswell Neck. The area falls into the South Central geologic 
compartment (Kelley, 1987; Shipp and othe rs, 1985). 
Deformed, gneissic and schistose metamorphic bedrock 
predominates (Hussey, this volume). These rocks trend NE to 
SW, and control the orientation and form of the coast. The linear 
"Calendar Islands" of Casco Bay are formed of these rocks. 

Archaeological Research. The Casco Bay area has 
received considerably more archaeological attention than the 
southwestern coast. Systematic survey began in 1978. Since that 
time, David Yesner (formerly of the University of Southern 
Maine) and associates have surveyed 160 km of coastline, most
ly in the Calendar Islands. Over 192 sites are known in this 
research area. 

Discussion. Late Archaic Period artifacts have been ex
cavated on Great Moshier Island (Doyle and others, 1985). 
Quahog shell from the base of the shell midden was dated to 
3420±50 B.P. (Dic-2428) (Doyle and others, 1985:44). A date of 
4225±150 B.P. was obtained on oyster shell from another site on 
Great Moshier Island (Yesner, l 984a). The Great Diamond Is
land site (Hamilton, 1985) dates to the end of the Late Archaic 
Period. 

Survey conducted by Yesner (1978) also found four sites 
where shell midden deposits extend below MHW. The lower 
strata at a site on Haskell Island extend up to one meter below 
MHW, and date to 1200±120 B.P. (oyster shell). Occupation 
levels at another site on Haskell Island were interstratified with 
salt marsh sediments (Yesner, 1978). A site on Horse Island with 
shell midden deposits below MHW was dated to 1520±110 B.P. 
(oyster shell). Assuming that the middens were originally 
deposited on dry land, relative sea-level rise is indicated. 

No other si tes from other areas of the coast of Maine are 
known to extend below MHW. According to the model of Kraft 
and others ( 1983), erosion of the sites in Casco Bay must be 
progressing too slowly to keep pace with relative sea-level rise. 
Yesner (1978, l 984b ), however, has noted extensive erosion of 
si tes in Casco Bay. 

Settlement pattern analysis of Casco Bay shows that sites 
face predominantly either NW or SE (Yesner, 1979, Figure 24) 
perpendicular to the trend of the bedrock. Sites facing SE would 
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be exposed to higher wave energies, especially from 
southeastern storms, than sites facing in other directions. The 
average wave approach direction for southeastern storms is 158 
degrees (Timson and Kale, 1976). Thus, waves may strike the 
shores of outer islands almost parallel. Waves would be dif
fracted before reaching less exposed shores. Doyle and others 
(1985) reported that the Archaic age site on Great Moshier 
Islands is covered by wave-tossed deposits. 

The West-Central Maine Coast 

This research area extends from Reid State Park on the west 
to Owls Head, Penobscot Bay, on the east. It includes the 
Boothbay, Muscongus Bay, and St. George River areas. The 
bedrock of the Boothbay region consists of north-south trending 
metasedimentary rocks (Hussey, this volume; Osberg and others, 
1985). Long, linear islands and peninsulas characterize the form 
of the coast (Johnson, 1925). From Pemaquid Point to Owls 
Head the bedrock gradually changes from metasedimentary to 
granitic intrusive (Guidotti, 1979; Hussey, 1971). To the west, 
intrusive pegmatites occur in veins. In the central area the 
bedrock is mixed; large masses of intrusive rocks are common, 
while to the east granite intrusives predominate. 

In the Boothbay area surficial deposits are generally thin, 
especially on the outer coast (Smith, 1976). Presumpscot Forma
tion marine silts and clays deposited during a Late Pleistocene 
sea-level transgression (Bloom, 1963; Belknap and others, 1987) 
appear to thicken towards Penobscot Bay (Kellogg, 1984). 

The more linear nature of the Boothbay area coast provides 
long stretches of fairly protected shores dominated by tidal 
processes (Kellogg, 1982; Shipp, 1989). In contrast, the Mus
congus/St. George area is more exposed and a higher percentage 
of the shores are impacted by waves (Kellogg, 1984 ). 

Archaeological Research. The Damariscotta River at
tracted early archaeological interest because of the extensive 
oyster shell middens near the head of tide. This area will be 
considered in the next section. F.W. Putnam (1883) excavated a 
shell heap on the southern tip of Fort Island which has since 
eroded away. Putnam employed a local man, A.J. Phelps, to 
locate other shell middens. Phelps (1884) collected from many 
shell middens in Muscongus Bay and measured the dimensions 
of many. 

Several other researchers (e.g., Bates and Bates, n.d.; 
Moorehead, 1922) explored the area in the early l 900's. Sanger 
directed a multi-year project of survey and testing in the Booth
bay area from 1979 to J 986 (Kellogg, 1982; Sanger, 1982). 
Eldridge ( 1980, 1981) surveyed and tested sites in the St. George 
River area starting in 1980 and continuing to the present 
(Eldridge, 1980, 1981). Kellogg and Sanger intensively studied 
the Muscongus/St. George area in 1983 and 1984 specifically to 
gather information useful for assessing coastal stability, in addi
tion to basic archaeological information (Kellogg, 1984, l 985a, 
I 985b ). In addition, over twenty sites have been test excavated 
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in the Boothbay area (Carlson, 1986; Chase, 1988). Eight sites 
were tested in Muscongus Bay, with extensive excavations at the 
Todd site on Keene Neck (Skinas, 1987). Eldridge has tested at 
least 10 sites in the St. George region. Overall the west-central 
area has received some of the most extensive and intensive 
research of any area of the Maine coast. Over two thirds of the 
1350 km of shoreline has been surveyed and 620 sites docu
mented. 

Discussion. The earliest evidence of occupation in the 
Maine coastal zone is a Paleoindian type, fluted projectile point 
collected from a mudflat south of Sawyer Island on the lower 
Sheepscot River (Crotts, 1985). The significance of this find 
relative to contemporaneous sea level is ambiguous because of 
its isolated occurrence, uncertain context, and uncertain age. 

A few Middle Archaic Period artifacts have also been 
recovered from intertidal contexts in the Boothbay area (Crotts, 
1985). Evidence of Late Archaic Period occupation is more 
prevalent in extant sites and has been documented from the 
Muscongus/St. George area as well (Kellogg, 1985b). Sanger 
( 1975) reported on the amateur excavation of a non-shell site on 
Monhegan Island with many swordfish remains. Swordfish 
bone yielded a collagen date of 3750±80 B.P. (SI-1532). Two 
other Late Archaic Period sites, thought to be of comparable age, 
are eroding on Monhegan Island. 

Coastal Erosion and Archaeology. Kellogg's ( 1982) study 
of the Boothbay area considered the problem of coastal erosion 
of archaeological sites, and the Muscongus/St. George project 
elaborated that research. The purpose of the 1982 study was to 
determine if the sites known from the Boothbay area were a 
representative sample of the Ceramic Period occupation (2700 
to 350 B.P.), or if biases might be present due to differential 
preservation. A model for coastal erosion of the area's complex, 
rocky coast was developed. 

Although three general energy zones can be defined, as in 
Kellogg (1982) and Shipp and others (1985), two modes of 
erosion occur. Along the exposed, outer coast erosion is control
led by the potentials for storm waves to reach new heights where 
unconsolidated sediments overlie the resistant bedrock. The 
outer coast is already eroded. The inner, tide-dominated coast 
that is not exposed to storm waves, however, is still in the 
process of actively eroding. Shores along the inner coast com
monly expose unconsolidated sediments at or below MHW in 
bedrock gaps (Figure 2). Thus, any high water event, not only 
just record breaking ones, can contribute to shore erosion. Fur
thermore, active scarps are maintained by subaerial processes, 
such as mass wasting due to spring run off, as well as marine 
processes. As a result, erosion rates, as indicated by fallen trees 
and distorted trunk growth, are presently more rapid in areas 
exposed to lower wave energies. 

Settlement pattern analysis (Kellogg, 1982) found that ar
chaeological sites tend to occur along shores that are the most 
rapidly eroding. A similar situation was found in the Muscon
gus/St. George area (Kellogg, 1984, 1985a, 1985b); however, 
erosion was more evident than in the Boothbay area (Figures 3 
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Figure 2. Site erosion model. The plan views show a typical coastal 
archaeological setting where a beach is present at a bedrock gap. Erosion 
is somewhat more rapid in the gap, where unconsolidated sediments are 
exposed to marine processes at lower elevations than over bedrock (see 
idealized profiles). Over time, shell midden deposits are often eroded 
into one or more remnants. These remnants are sometimes recorded as 
separate sites when the gap is large. 

and 4). Settlement patterns are similar in the Boothbay and 
Muscongus/St. George areas, but the bedrock differences across 
the region produce variations in coastal configuration. Locations 
selected for occupation were slightly different (Kellogg, 1984). 
The overall pattern, however, suggests a decidedly marine orien
tation of coastal settlement. Sites appear to have been selected 
from the range of possible locations so that relatively easy access 
to the outer coast would be possible, while maintaining protec
tion from wave-dominated shores. Proximity to fishing (Carlson, 
1986) and shellfishing areas also appear to be major factors in 
site selection (Kellogg, 1982, 1984). 

Relative sea-level rise, in most cases, results either in 
submergence or erosion of archaeological deposits. Only in the 
case of a site perched high on a promontory might relative 
sea-level rise have no influence on site preservation. The model 
of Kraft and others ( 1983) demonstrates the potentials of site 
preservation under different conditions of sea-level regime. For 
most of the coast of Maine, erosion is the much more likely 

outcome of relative sea-level rise. No conclusive evidence of 
submerged archaeological sites has been discovered along the 
Maine coast, although a few suggestive finds have occurred in 
Penobscot Bay. Evidence of the erosion of archaeological sites, 
on the other hand, is obvious and widespread (Kellogg, 1982, 
1984; Sanger, 1980; Spiess, 1981). 

Very few data are available on erosion rates, although 
research is in progress (Kelley and others, 1988; Smith and 
others, 1987, 1988). Studies by Timson (1977) and Nelson 
( 1979) focused on sand beaches. No erosion rates were obtained 
in the Boothbay study (Kellogg, 1982); however, it was dis
covered that at least three archaeological sites had completely 
eroded since their initial discovery 60 to JOO years ago. Some 
estimates of erosion rates could be obtained for the Muscongus 
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Figure 3. Erosion of Boothbay shores. Erosion assessment was based 
on the extent and degree of scarp development, and condition of 
vegetation at the scarp (distorted tree trunks, for example). Field obser
vations were made at each location, based on a classification scheme 
defined in Kellogg ( 1982). Data from Kellogg ( 1982). 
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Figure 4. Eros ion of Muscongus/St. George shores. Observations based 
on the classification scheme of Kellogg (1982). Data from Kellogg 
( 1984, l 985a). 

Bay area by comparing Phelps' (1884) measurements with 
modem site extents. Remeasurement of two shell middens 
visited by Phelps yielded erosion rates of 10 and 5.7 m per 100 
years (Kellogg, 1984, l 985a). 

Minimum erosion rates were obtained by tree-ring dating 
living trees that had been undermined by erosion and lowered 
onto the shore. Ten trees were cored to obtain minimum erosion 
rates (Kellogg, 1984, l 985a). Minimum erosion rates ranged 
from l. 7 to 5.1 m per I 00 years. Included in the tree ring records 
obtained by coring is information on growth stresses during the 
life of the trees. Compression wood, with a different cell struc
ture, forms when trees are tilted during growth (C. Bliss, personal 
communication). Erosion rates obtained by measuring from the 
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inception of first compression growth were 2." to 12 m per 100 
years. The results are in the same order of magnitude as those 
obtained by remeasuring shell middens. 

If these erosion rates are realistic, then evidence of most of 
the prehistoric occupation on the Maine coast will be gone in 
the next I 00 years. A backwards projection at these rates sug
gests that a very large number of sites have eroded away com
pletely. Yet, sites are found in such abundance, and evidence of 
early occupation is so widespread, that a constant erosion rate 
cannot be the explanation. One explanation may be that erosion 
rates were slower in the past. 

The Damariscotta River 

Introduction. Above the towns of Newcastle and Damaris
cotta on the Damariscotta River there are several large shell 
middens. The potential for these middens to provide data on 
local sea-level rise has been recognized for half a century 
(Goldthwait, 1935). As part of the Nuclear Regulatory Commis
sion project, the middens and the pertinent geological, ar
chaeological, and paleoecological conditions were re-evaluated 
with the assistance of D. Belknap, Davida Kellogg, T. Kellogg, 
C. Newell, M. Sanger, and R. Stuckenrath, among others. 

Progressive inundation of the Damariscotta River by rising 
Holocene sea-level was controlled by a series of bedrock sills 
(Shipp, 1989). The most upstream of these are currently under
going submergence, and provide an analog for past events in the 
river. Johnny Orr is the name applied to a bedrock and boulder 
sill located 1 km upstream from the U.S. Route l (Business) 
bridge linking the towns of Newcastle and Damariscotta (Figure 
5). The Indraft is a second, narrower, sill l .5 km above Johnny 
Orr. Between the two sills are some of the largest shell middens 
of the U.S. East Coast, and certainly the largest in New England. 

Archaeological Research. For over a century, attempts 
have been made to explain this concentration of middens and 
their significance for the natural history of the region (Sanger 
and Sanger, 1986). Goldthwait (1935) recognized that the 
presence of so many American oysters, Crassostrea virginica, 
represented a marine inundation of the river. He concluded that 
sea-level had been stable since the time of the origin of the shell 
middens. Myers ( 1965), through a combination of geology, 
shellfish ecology, and some radiocarbon dates on shells, deter
mined that over a meter of sea-level ri se must have taken place 
over the past 2,000 years. The Nuclear Regulatory Commission 
project has refined, but has not fundamentally altered, Myers ' 
conclusions. 

The American oyster is one of a number of species that 
retreated up Maine rivers in response to cooling waters during 
the late Holocene. The cooling waters inhibited reproduction so 
that only relic populations remain today. Oysters are now found 
only in brackish, warm water situations, where spawning can 
occur and its major predator, the oyster drill, Urosalpinx sp. 
cannot survive. Oysters are not known from the Damariscotta 
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River today, although a shellfish biologist (S. Chapman, personal 
communication) has reported extensive reefs of oysters buried 
under silt adjacent to the middens. Shipp (1989) identified such 
features on seismic profiles farther south in the Damariscotta 
River and verified the presence of oysters by coring. It has been 
obvious to observers that there must have been a flourishing 
colony of oysters at some time in the past so that the substantial 
mounds of shells could have developed. Belknap (personal 
communication) received a date of 1325±40 BP (Sl-7129) on an 
oyster shell taken from an oyster reef in Great Salt Bay. The 
introduction of the oysters, and their eventual decline, is closely 
related to local sea-level rise. 

In 1982, several piston cores were taken from an area of 
deep sediment accumulation in the river between the two sills, 
Jonny Orr and the Indraft. It was hoped that analysis of the 
diatoms in the sediments might provide a history of changes in 
salinity brought about by sea-level rise. Unfortunately, the low 
incidence of diatoms in the sediment did not permit any con
clusions on salinity (Sanger and Kellogg, 1983, Table 2). Ap
parently the piston cores did not penetrate far enough into the 
sediments to recover the pre-marine phase. Vibracores, taken in 
1984, resulted in a longer sediment record; however, the final 
results are not yet available. Therefore, the discussion con
centrates on the archaeological and paleoecological aspects of 
the project. 

The age of the oyster shell middens is considered a critical 
aspect of the sea-level rise program because it was not until the 
sea had risen over the sill at Johnny Orr that oysters could 
colonize the river above that point. It has always been assumed 
that the piles of shells represent not only the place of consump
tion of the oysters, but also the locale of collection. One reason 
is the huge size of the middens. The Whale back Midden, located 
on the east side of the river, was originally up to 4.8 m deep and 
stretched along the bank for 100 m. A measurement around 1900 
found that the Glidden site on the west bank was 9 m deep and 
extended along the shore for 150 m (Sanger and Sanger, 1986). 
Less impressive middens also occurred. Included in the middens 
were abundant indications of occupation, such as fire hearths, 
human burials, bones of various animal species used for food, 
and manufactured items. The discovery of extinct oyster reefs 
in the river adjacent to the archaeological sites, and the evidence 
for intensive occupation by Native Peoples, argue against any 
hypothesis that the shells were gathered elsewhere and carried 
to the river bank for disposal. 

The middens were greatly reduced in size by various 
commercial mining operations for lime, chicken-scratch, and 
road fill. The largest of these operations, undertaken in 1886, 
almost completely demolished the Whaleback midden. For
tunately, local antiquarian Abram T. Gamage contracted with the 
Peabody Museum of Harvard University to watch over the 
digging, recover artifacts, and make notes and drawings of the 
excavation. Gamage's notes and artifacts provide the best 
evidence for the culture-historical reconstruction of the 
Whaleback (Sanger and Sanger, 1986). Owners of the Glidden 
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site, opposite the Whaleback, resisted attempts to commercially 
mine the midden, and with the exception of a Harvard University 
archaeology expedition in 1935, have adopted a strict conserva
tion stance. 

It may be assumed that when the middens started to develop 
there were enough oysters in the river to make a human settle
ment worthwhile. Therefore, while the beginning date on the 
sites does not necessarily provide the age of the first oysters over 
the sill, it does provide a limiting date. Native Peoples utilized 
the Damariscotta River since the Late Archaic Period, about 
4000 B.P. The exploitation of shellfish on the coast of Maine 
goes back to at least 5000 B.P. at the Turner Farm site on North 
Haven Island (Bourque, 1975; Spiess and others, 1983). With the 
exception of few Archaic Period artifacts incorporated into the 
Whaleback site, all of the artifacts recovered from the oyster 
middens represent the Ceramic Period, that is, from about 2500 
B.P. onwards. The few Late Archaic Period pieces are con
sidered to be imported as curiosities or incorporated into the 
midden from an earlier occupation, because Ceramic Period 
artifacts underlay the Archaic specimens in the same excavation 
unit. Most of the diagnostic specimens are pottery vessels from 
the Middle Ceramic Period, dated elsewhere by radiocarbon to 
between 2200 B.P. and 1200 B.P.. There are some cord
wrapped- stick impressed ceramics, all grit-tempered, which are 
generally from early in the Late Ceramic Period. The absence 
of any shell- tempered pottery, small triangular projectile points, 
or Iroquois-like ceramics from the collections indicates the Jack 
of much occupation after 1000 B.P. The archaeological evidence 
suggests that people began exploiting the resource by 2400 B.P., 
made extensive use of the oysters, and left by 1000 B.P., or 
shortly thereafter. It can be argued that this tenure was directly 
attributable to the effects of sea-level rise in the Damariscotta 
River. 

As part of the Nuclear Regulatory Commission program 
shellfish biologist Carter Newell (1983) was contracted to 
prepare a report on the ability of the modem Damariscotta River 
to sustain an oyster population between Johnny Orr and the 
Indraft. His analysis, based on a Habitat Suitability Index 
developed by Cake (1983), indicated that water temperature, 
salinity, bottom conditions, food supply, and other factors are 
quite adequate in the river for oysters. The one problem is the 
presence of predators, especially the oyster drill, which effec
tively ended recent attempts to culture oysters above Johnny Orr 
(Newell, 1983). 

The American oyster can colonize brackish water with 
salinities of I 0 ppt or less. We speculate that from a parent stock 
downstream, oyster spat were able to cross the sill at Johnny Orr 
and establish themselves. At relatively low salinity levels they 
had no major predators, with the exception of people, and they 
flourished. As sea-level continued to rise the mean salinity 
increased until levels reached 20 ppt, the "drill line" , after which 
time the oyster drills and other predators were able to survive 
and prey on the oysters. (The modem mean salinity is about 25 
ppt.) The combination of heavy human predation and the attacks 
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by the drill resulted in the demise of the oyster population 
centuries before the arrival of Europeans in the area. 

In an attempt to ascertain the date of origin of the middens 
we obtained samples of oyster shells from the Glidden Midden. 
Seven radiocarbon dates from these shells ranged from 1720±50 
B.P. to 2330±50 B.P. (SI-6356 to SI-6362). These dates confirm 
earlier assays reported by Broecker and others ( 1956) and Brad
ley (n.d.), as reviewed by Sanger (I 985a). The lowest shells, but 
not the oldest date, were obtained from 70 cm below MHW in a 
small excavation pit . At present there is no way of determining 
from the evidence whether or not these shells represented the 
first shells to be deposited at that part of the midden, or whether 
they were shells that had fallen off the face of the midden from 
a higher level. If the shells were in their primary place of 
deposition, it would suggest either that they were thrown into the 
water, or that the midden commenced when mean high tide in 
the river was -70 cm. Historic accounts, confirmed by examina
tion of 19th century photographs, indicate that the front of the 
Glidden site has been eroded by the Damariscotta River. The 
narrow platform in front of the site is an erosional remnant, and 
it was into this platform that the pit was dug to obtain the deepest 
shells. It seems likely, therefore, that the shells, if in primary 
context, came from the inside of the midden, which was mostly 
likely on dry ground at the time of initial building. A proper 
excavation, complete with full stratigraphic controls, will be 
necessary to confirm or reject this hypothesis. Our suspicion is 
that the Glidden midden began forming when the tidal range 
above Johnny Orr was less than half of what it is today. 

Discussion. The artifacts recovered from the Glidden site 
and the Whaleback indicate a period of intense occupation 
between about 2200 B.P. and 1500 B.P., with perhaps only 
occasional use for another few centuries. Shells probably began 
to accumulate no earlier than 2400 B.P., a conclusion based on 
the radiocarbon dates and the comparative dating chronology. 
Because the aboriginal peoples were utilizing other riverine 
resources from at least 4000 B.P., and clearly knew how to gather 
shellfish, the most likely conclusion is that the oysters were not 
available in sufficient quantities to make collection profitable 
until about 2400 B.P. By this date sea-level must have over
topped the sill at Johnny Orr, and in the process have created a 
brackish environment. 

The tidal range above Johnny Orr is approximately 1.1 m, 
whereas it is three times that I km downstream at Newcastle. 
Therefore, at a minimum, sea-level must have risen at least I. I 
m in the 2400 years represented by the shell middens. The rate 
of rise would be somewhat slower if the effective broaching of 
the sill occurred substantially earlier than 2400 B.P. As research 
progresses on the analysis of the sediment cores we hope to have 
available a plot of salinity-sensitive diatoms in dated sediment 
cores. Another approach to refinement of the sea-level rise in 
the river would be an analysis of oyster shells taken from 
properly excavated and carefully dated contexts in the Glidden 
site. To date, the owner of the site has not been receptive to any 
further investigation. 

Penobscot Bay to Frenchman Bay 

Penobscot Bay extends from Owl 's Head to Schoodic Point 
and includes part of the central Maine coast with granite bedrock 
and other volcanics. Thus, resistant rock underlies many ar
chaeological sites. The oldest known sites on the Maine coast 
are found in this area. Unfortunately, no systematic site erosion 
observations, such as described for Boothbay and Muscongus 
Bay, have been reported. 

Archaeological Research. Penobscot Bay forms the es
tuary of Maine 's largest river. Within it are a great many, islands 
and coves well suited to the marine adapted Native Peoples. 
Some of the early coastal research took place here (Byers, J 979; 
Hadlock, 1939; Moorehead, 1922; Rowe, 1940). The region 
assumed definition with the advent of Bourque's (l 971, 1975, 
1976; Bourque and Cox, 1981) survey and excavation. 

At the important Turner Farm site on North Haven Island, 
Bourque has described a series of occupations extending back to 
the beginning of the Late Archaic. A date of 5290±95 B.P. 
(SI-1925) from Occupation 1 is the oldest radiocarbon date 
received from a Maine coastal site. Stratified above the earliest 
component is Occupation 2, a Moorehead phase assemblage, 
dated to between 4500 and 3700 B.P. On the beach in front of 
the site a Middle Archaic Period, Stark-like projectile point was 
found (B. Bourque, personal communication), which suggests 
occupation at the same site for 6,000 years or more. Other 
Middle Archaic Period points have been reported from eroded 
sites, while an Early Archaic Period, Kirk-like point has been 
reported from Surry (Sanger, 1975). At the Goddard site on 
Naskeag Point, a date of 4995± I 00 B.P. (Sl-4255) was obtained 
on intact deposits (Bourque and Cox, 1981 ). At the Nevin site, 
in Blue Hill Bay, a Late Archaic Period occupation was ex
cavated by Byers and Johnson (Byers, 1979). The site produced 
a number of radiocarbon dates, including: 4245±115 B.P. (SI-
1551-A2) and 4195±60 B.P. (SI- 1551 -C) (Byers, 1979). Other 
sites in the area with similar occupation include the Waterside 
site in Sorrento (Rowe, 1940) and Taft's Point in West 
Gouldsboro (Hadlock, 1939). At Duck Harbor, on Isle au Haut, 
salvage excavations in conjunction with badly eroding non-shell 
midden sites yielded Late Archaic Period artifacts (Sanger, 
1981 b ). Unfortunately, there are no radiocarbon dates available 
from Duck Harbor. 

The cultural manifestation following the Moorehead phase 
in Penobscot Bay was the Susquehanna Tradition, which began 
in the area about 3800 B.P. Intact deposits of this tradition are 
present at the Turner Farm site and at a number of locales in the 
Penobscot Bay region. 

Finally, fisherman dragging the bottom have, from time to 
time, brought up artifacts (Sanger, 1988; Spiess and others, 
1983). Off Lazygut Islands, near Deer Isle, an oyster shell, in a 
general association with artifacts, was dated at 6100±65 B.P. 
(SI-4650) (Spiess and others, 1983). The finds were in about 8 
m of water. It is not known if the oyster was from a midden 
deposit or a natural context. It is hoped that additional research 
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in the area will be carried out, because it could provide a 
potentially very useful date for land submergence in the area. 

Discussion .. There are more sites older than 4000 B.P. in 
this part of the Maine coast than any other. The millennium 
4000 to 3000 B.P. is also well represented. When compared with 
the Boothbay region, for example, where equally intensive re
search has been conducted, the differences in the ages of 
preserved sites are quite striking. Compared with the Passama
quoddy Bay region the contrast is even greater. To some extent 
this is probably due to the resistant granitic and volcanic bedrock 
that dominates the area; on the other hand, it may also be 
explained by a greater degree of stability in the central Maine 
coast. 

Englishman and Machias Bays 

The bedrock of this section of the coast is predominately 
metavolcanic. The easternmost of the coastal granitic batholiths 
outcrop to form Great Wass and Head Harbor Islands at the 
western boundary of the area. Unconsolidated glacial deposits 
are extensive. On the south shore of Roque Island a classic, 
log-spiral sand beach has formed (Nelson and Fink, 1980; Fink 
and others, 1988). 

Archaeological Research. Only sporadic research took 
place in this region before 1978. Robert MacKay (University 
of Maine) excavated a site in Machias Bay in 1973. Sanger 
( 1979) conducted a preliminary survey and tested several sites 
in 1978. Excavations were carried out on a site on Great Spruce 
Island in 1982 (Sanger and Chase, 1983). Sanger returned to the 
Roque Islands in 1985 for more excavation and survey (Sanger 
and Kellogg, 1985b). 

Discussion. Late Archaic Period artifacts were found at 
sites excavated by MacKay in Machias Bay, and in Site 61-34 
on Roque Island (Sanger and Chase, 1983). None are associated 
with radiocarbon dates, however. 

Many fewer sites are found along the coast in this area in 
comparison to other areas of the coast (Sanger and Kellogg, 
I 985b ). This may be due to erosion. The mainland shores of 
Englishmans Bay are mostly "linear fringing beaches" (Shipp 
and others, 1985:22) with steep, unvegetated scarps of uncon
solidated sediments. In addition, some of the metavolcanic 
bedrock is highly fractured, so that it is subject to erosion by 
waves and frost action. The erosion of unconsolidated sediments 
can be influenced by the erosion of the bedrock. In the Boothbay 
and Muscongus Bay areas, bedrock erosion is much less 
prevalent. 

Seven trees were cored during survey of the Roque Island 
area to obtain minimum erosion rate estimates (Kellogg, un
published data). Erosion rates ranged from 1.71 to 7.92 m per 
I 00 years. It is impossible to satisfactorily compare the limited 
samples for this area with those from the Muscongus Bay area, 
except to note that all but one erosion rate overlapped. Erosion 
might be taking place more rapidly in the Roque Island area. 
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Although the sparseness of archaeological sites might be 
due to more rapid erosion, there are indications that this area 
may not have been as extensively settled as other areas of the 
coast (Sanger and Kellogg, l 985b ). 

Passamaquoddy Bay 

Introduction. Passamaquoddy Bay, located on the Maine
New Brunswick border, is a large embayment that is rich in 
archaeological sites. Concern for erosion of sites in this region 
has led to considerable thinking about the interrelationship be
tween archaeology and sea level (Ganong, 1899; Matthew, 1884; 
Sanger, 1971, l 985b, l 985c). Archaeological, geological, and 
biological research in the Passamaquoddy Bay region began 
over a century ago. In the intervening years a substantial body 
of data has been developed and reviewed (Moyse, 1978; Sanger, 
1986; Thomas, 1983). It has also been a focal point for research 
in connection with the Nuclear Regulatory Commission project 
because of an apparently anomalous rapid rate of crustal sub
sidence. 

Archaeological Research. The northern side of Passama
quoddy Bay is the most intensively researched archaeological 
area in the Maine-New Brunswick portion of the Gulf of Maine. 
Despite this work, no sites have been found that demonstrate 
habitation older than 3,000 years. Whereas in the central Maine 
coast the Late Archaic Susquehanna Tradition (3800 B.P. to 3200 
B.P.) is well represented, it is thus far absent from Passamaquod
dy Bay. The fact that Susquehanna Tradition artifacts occur in 
the St. Croix River watershed, the major river draining into the 
Bay (Kopec, 1985), as well as in Saint John, New Brunswick, 
harbor sites (Sanger, 1971 ), suggests that people of this tradition 
also dwelt in the Passamaquoddy Bay area. The earliest coastal 
occupations are represented by nearly a dozen sites where large, 
stemmed bifaces occur with large scrapers in non-shell contexts. 
Many of these assemblages underlie later shell middens, al
though some are isolated (Sanger, 1986). Some of the bifaces 
suggest a Susquehanna Tradition ancestry. Two radiocarbon 
determinations of around 2400 B.P. are the earliest of numerous 
Passamaquoddy Bay site dates. On typological grounds it is 
possible that some of the early, non-shell components are as old 
as 3000 B.P .. Compared with the clear evidence for sites at least 
I 000 to 2000 years older in the central Maine coast region, 
erosion of the older sites would seem to be the best explanation. 

Around 2000 B.P. there is ample evidence for coastal oc
cupation around Passamaquoddy Bay. These sites reflect a dual 
marine-terrestrial exploitation pattern which varies little over 
the 1500 years from 2000 B.P. to the Contact Period about 350 
B.P. (Sanger, 1985c, 1986). The sites are she ll middens, 
dominated by Mya arenaria with excellent preservation of or
ganic remains. Sites are located on the modem shoreline, and 
conform to the familiar pattern of site locations chosen to max
imize utilization of marine resources and availability (Kellogg, 
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I 982). To date, three very small sites in the area (about 3% of 
the sample), are not located right on the shoreline; but they are 
very close to the shore. 

The presence of apparent non-shell sites around 3000 B.P. 
led to a coring project in I 977 to determine whether or not 
shellfish were present in the area. A series of piston cores was 
taken in Digdeguash Harbour, a drowned river valley, near where 
a number of sites occurred. One core intercepted a Mya 
arenaria shell which dated to 5375±75 B.P. (SI-3927) (Sanger, 
I 985b ). Another date, taken on organics in the sediment from 
just below the shell, confirmed the shell date. The results 
brought into question the 9 mm/yr rate of relative sea-level rise 
in eastern Maine predicted from Tyler and Ladd's ( 1980) 
geodetic leveling data, and encouraged another coring operation 
sponsored by the Nuclear Regulatory Commission project. As 
presented in Sanger ( l 985b ), the re are many uncertainties as
sociated with the Digdeguash Harbour core dates and they 
should not be used to generate a relative sea-level rise curve for 
Passamaquoddy Bay. However, they do indicate that a simple 
projection backwards in time of the recent rate of sea-level rise 
is problematic. 

The bedrock geology of Passamaquoddy Bay has been 
reviewed by Gates (this volume). Among the many lithic units 
is the Upper Devonian Perry Formation which outcrops in 
various places. This formation varies in composition, which 
affects its ability to resist wave erosion. Where there are cobble
sized clasts the eroded face is near vertical; however, those 
outcrops lacking the clasts tend to erode rapidly. Sites located 
on Perry Formation are rare, probably due to the tendency to 
erode. In the Bay there are also Silurian-Lower Devonian vol
canics, and it is on these more resistant outcrops that most of the 
archaeological sites are located. 

At desirable places there is evidence that the Native Peoples 
lived off and on at the same site for close to 2000 years. 
Throughout this period we can reconstruct , from the abundant 
fauna! remains in the sites, a livelihood that was very dependent 
on the marine environment. It suggests that during this later 
phase of prehistory there was little inland migration of beaches, 
and thus relative stability of sea-level. As described elsewhere 
(Sanger, I 985b, c), if there was sea-level rise comparable with 
that reconstructed from the releveling studies (Tyler and Ladd, 
1980; this volume), then at 2000 B.P., boat-using, marine
oriented peoples were selecting campsites well back (up to 1 km) 
in the woods, and continued to live there, while the sea was 
gradually getting closer and closer. 

Previously, Sanger (I 985b:52) concluded: 
" I . The modem sea-level rise of up to 9 mm per year in 

eastern Maine is a recent phenomenon that is probably no more 
than a few hundred years old; 

2. Prior to the recent acceleration in sea-level rise there was 
a period of relative stability from at least 2000 years ago and 
possibly since 3000 years ago; 

3. Before 2500 to 3000 years ago the sea-level rise might 
have been greater once again." 

We see no reason to alter these observations based on the 
archaeological record. 

Discussion. Sea-level rise in Passamaquoddy Bay is 
reflected in the erosion rates of archaeological sites. The 
evidence points to rapid, on-going erosion, at a pace that could 
not have much antiquity or e lse there would be no surviving 
archaeological record, unless the Native Peoples lived well back 
in the woods, and away from the active shoreline. For marine
adapted people, using canoes, this scenario make no sense. The 
conclusion is that after a period of rapid mid-Holocene sea-level 
rise, there was a slow-down, followed by an acceleration begin
ning some time after 1000 B.P. We feel this reconstruction is 
basically in agreement with the combined results of other lines 
of investigation of sea-level rise. 

CONCLUSIONS 

When one of us (Sanger) first began archaeological research 
on the Maine-New Brunswick shorel ine in the late I 960's, 
differential erosion of archaeological sites was noted. In recog
nition of the importance of sea-level rise in an attempt at explana
tion of prehistoric cultural adaptation, Sanger asked H. W. Borns, 
Jr. to collaborate on a study of sea-level rise in eastern Maine. A 
National Science Foundation grant to the University of Maine 
helped to finance the research that led to the original Addison 
Marsh coring project (Thompson, 1973). Since then, various 
attempts have been made to integrate sea-level rise into the 
regional archaeology, as reviewed earlier in this paper. The 
initial impression of greater site erosion in eastern coastal Maine 
remains. We discuss possible reasons with reference to some of 
the assumptions discussed at the outset. To review briefly, the 
oldest existing sites on the Maine coast occ;ur in the central 
coastal region, specifically Penobscot Bay and east to 
Frenchman Bay. Several sites in the 4000 to 5000 year old range 
are found there. Westward, there are fewer mid-Holocene age 
sites, while in eastern Maine and Passamaquoddy Bay there are 
no dated sites older than 2400 B.P. and none by comparative 
dating thought to exceed 3000 years in age. Turnbull ( 1988) 
extended these observations into the upper Bay of Fundy. 

We feel that this distribution is real, as opposed to an artifact 
of sampling. While there still remain many areas of the coast 
that have not been surveyed in detail , the last decade has wit
nessed considerable effort between Casco Bay and Machias Bay. 
Canadian scholars have continued their survey efforts in the 
Passamaquoddy Bay region (Black, 1984; Davis, I 982). 

What, then, is the possibility that the site-age relationship is 
a reflection of a differential settlement pattern that resulted in 
earlier occupation of the central Maine coast? The distribution 
of Susquehanna Tradition sites in the study area is instructive. 
Susquehanna Tradition sites occur in the littoral, as well as inland 
locations throughout Maine, and as far east in the Bay of Fundy 
as Saint John Harbour. Although there is a wide range of dates, 
sites of this tradition usually range from about 3800 B.P. to 3200 
B.P. In the central Maine coast the distinctive artifacts of this 
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period occur as Occupation 3 (third from the bottom, or earliest) 
at the Turner Farm site (Bourque, 1976), and occur as the second 
occupation at other sites, such as Nevin in Blue Hill Bay (Bour
que, 1971 ). Clearly, Susquehanna components are not the ear
liest occurring in Penobscot Bay or in the Frenchman Bay area. 
In Passamaquoddy Bay, and also in the Englishman-Machias 
Bay area, there are no known Susquehanna components in any 
of the existing sites. However, the distinctive Susquehanna 
bifaces and drills are plentiful in collections from the St. Croix 
River system (Kopec, 1985; Sanger, 1986). This pattern sug
gests that Susquehanna sites probably existed in Passamaquoddy 
Bay and have since been eroded. 

The geological controls are uneven along the coast. Most 
susceptible to erosion are the unconsolidated sediments that cap 
bedrock, as for example, the bluffs near Machias and in Casco 
Bay (Hay, 1988). Bedrock in the study area is not uniformly 
resistant to erosion. The weakly-cemented Perry Formation in 
Passamaquoddy Bay erodes very rapidly, resulting in substantial 
loss of shorefront in recent decades. In Passamaquoddy Bay, as 
discussed earlier, there are two very different bedrock formations 
underlying sites. Nearly all of the sites rest on the Silurian 
volcanics which are much tougher than the Perry sandstones. 
The former rocks appear to be much closer to the granites of the 
central Maine coast in terms of their ability to resist erosion. 
Even the non-granitic volcanic bedrock is liable to shattering and 
wasting under the battering of the sea and the effects of frost 
action. In the absence of a locally derived bedrock "erodability" 
scale, we can only note that the granites of the central Maine 
coast tend to be the most resistant of the bedrock we have 
observed underlying archaeological sites. Surely, this has con
tributed to the preservation of older sites in the Penobscot Bay 
to Frenchman Bay area. However, not all of the older sites are 
on granite, so this cannot be the only factor. In addition to the 
bedrock beneath a site, preservation depends on the effective 
wind fetch which, together with other factors, translates into 
wave energy striking the shore. In conclusion, while the surface 
geology and geography of each site is critical, these alone cannot 
explain the pattern of site distribution. Eventually, every site 
locality must be studied individually. 

In the introduction we commented that archaeology has 
been used to assist in the derivation of relative sea-level curves 
in many parts of the world. We feel, however, that many of the 
assumptions, or conditions, that we discussed were not ade
quately considered in some previous studies. Cognizant of the 
problems involved with proxy dating of older land surfaces, we 
offer two types of observations on relative sea-level rise - ab
solute and relative. 

The only absolute data our research has produced to date 
pertain to the Damariscotta River, where no less than I. I m of 
sea-level rise has occurred over the sill at Johnny Orr over the 
past 2400 years. In this study, it is not the age of the archaeologi
cal surface, but rather the age of the oysters that make up the site 
matrix. Nevertheless, this could be a significant figure for two 
reasons; first, the data help to fill the gap left after coring by 
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Belknap and others (Shipp, 1989) downstream; and second, they 
highlight the potential of such geoarchaeological situations for 
future research. Some of the western Maine coastal sites where 
archaeological deposits are currently below MHW approach an 
absolute figure; however, there are too many assumptions that 
must be made to have any confidence in the results to date. 

The relative data are suggestive and tend to support other 
lines of inquiry. Assuming that site preservation is related to 
relative sea-level rise, the least amount of rise over the past 5000 
years would appear to be in the central Maine coastal region, 
specifically the Penobscot to Frenchman Bay area. The greatest 
amount of sea-level rise over the same ti me period seems to have 
occurred in Passamaquoddy Bay. Intermediate between these 
extremes is the coast west of Penobscot Bay. For Passamaquod
dy Bay, our data suggest rapid rise up to about 3000 years ago, 
followed by a reduced rate, and then an acceleration in the past 
millennium. To the extent that rapid erosion leading to site loss 
is a factor of localized relative sea-level rise, the situation in 
eastern Maine and Passamaquoddy Bay indicates high modem 
rates of rise. 

From our specific case studies and overall assessments we 
suggest several follow-up projects that could provide more of the 
absolute types of data. Interdisciplinary studies should be car
ried out at a number of sills where reversing tidal falls occur. 
Whereas at Johnny Orr on the Damariscotta River the broaching 
of the sill probably occurred by at least 2500 years ago, there are 
many other sills along the coast where the depth of water over 
the sill is substantially less, and the date of incursion possibly 
younger. Kellogg ( 1984) has reported two localities in the Mus
congus Bay area where the marine incursion probably occurred 
more recently than it has at Johnny Orr. The Salt Pond in Blue 
Hi II Bay (Snow, 1972) is another example of where useful 
research could be conducted leading to absolute data on sea-level 
rise. 

Anotht>r area of inquiry might be a renewed examination of 
the Monhegan Island situation. In the large Meadow on the 
south end of the Island, Bostwick ( 1978) obtained rather surpris
ing data on absolute sea-level rise that do not conform with 
standard relative sea-level rise curves projected for the central 
portion of the Gulf of Maine. The fact that Late Archaic Period 
sites in the 4000 year range still exist on the Island is an 
anomalous situation with respect to the mainland of the Booth
bay and Muscongus Bay region, where such sites have not yet 
been reported despite the much larger sample of sites. 

The Penobscot Bay to Frenchman Bay area, featuring the 
oldest known sites on the coast, could be examined with a 
methodology derived from our experience in the Boothbay-Mus
congus Bay area. In other words, detailed erosion studies and 
examination of the factors surrounding the preservation of the 
oldest sites to assess, if possible, the complex of factors that have 
led to the greater degree of site preservation. Sea-level rise could 
be assessed as one factor influencing site preservation. 

Despite the attention paid to the Addison area in terms of 
salt marsh studies and historical structure research, little is 
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known of the prehistoric archaeology. Similarly, in those 
regions where the archaeology is best studied, the other dis
ciplines have not been emphasized. Coordination of effort to a 
higher degree might prove profitable, and could lead to greater 
convergence of data sets. 

Finally, we note in conclusion that the map published by 
Tyler and Ladd ( 1980; this volume) as a result of the releveling 
studies is a predictor for what we found in the archaeological 
data base. We would conclude that there is in fact differential 
subsidence ongoing along the coast of Maine. It is entirely 
possible, from our perspective, that this is a relatively recent 
phenomenon, dating from the last 1,000 or less years. 
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ABSTRACT 

Dykes and other man-made structures, constructed to control the salinity of salt marshes along the Maine coast, 
were dated through historic methods. Several dykes were then cored to determine the thickness of salt marsh which 
had accumulated against each dyke since it was constructed. In turn, we interpret this amount of accretion as proxy 
evidence of relative sea-level rise and any related vertical movements of the earth's crust. Other historic structures 
were also investigated as corroborative evidence, together with related historic and scientific evidence from other 
investigators. The amount of relative sea-level rise reported in the area from Milbridge to Eastport, Maine, has 
averaged about 25 to 35 centimeters per century over the last two hundred years. This result is conservatively 
estimated in order to minimize apparent relative sea-level changes brought about by other processes such as salt 
marsh compaction and disturbance of the marsh stratigraphy by the activity of severe storms. 

INTRODUCTION 

Although it may seem that historians have little to offer to 
their colleagues in the earth sciences, it is the relative precision 
of many historical records which makes some contribution pos
sible. Radiocarbon dating of organic materials within the age 
range of about the last 40,000 years has been the principal means 
of providing absolute chronologies since this radiometric 
method was first utilized in the 1950's. Unfortunately, this and 
other more experimental methods are of little value for precision 
dating within the historic period of North America ( 1600 A.D. 
to present). 

In order to obtain historic age dates for evaluating sea-level 
change in eastern Maine, we conducted site surveys of the Maine 
coast to locate suitable man-made structures that might provide 
a record of sea-level change, when used in conjunction with 
available literature, aerial photographs, maps and marine charts. 
We concluded, after a number of subsequent reconnaissance 
trips, that it would be possible to determine a reliable beginning 
and/or completion date for many man-made coastal structures 
from the colonial period and the decades immediately thereafter. 
Where these structures had been allowed to fall into disuse and 
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disrepair, accreting salt marsh often had partially or completely 
covered them, apparently in response to relative sea-level rise. 
Hence, given the age of the structure in association with the 
measured rise of the juxtaposed and often superimposed salt 
marsh surface, and the fact that the surface of the marsh ranges 
from mean tide to mean high tide, the amount of relative sea
level rise could be approximately computed for the elapsed time 
since the construction of the structure. Earlier researchers 
(Mitchell, 1875; Davis, 1915, 1916) suggested this method of 
dating, but experiments in the method either were not published 
or were treated with a great deal of skepticism. 

Among the man-made structures which were located on the 
Maine coast in sufficient number and proper geographic distribu
tion to render this technique potentially useful, were large num
bers of salt marsh dykes. (This spelling is used, rather than 
"dike", because it remained the contemporary spelling of the 
word when the structures were built, and is still the preferred 
spelling in the nearby Maritime Provinces of Canada.) 

These dykes were built to maintain the stability of the salt 
marsh surface for haying purposes, and occasionally to reclaim 
the salt marsh land into fresh meadow. Other man-made struc
tures of potential use were colonial wharves, piers, shipways, 
and grist and saw mills powered by tidal movements. During 
the course of our research many usable structures have been 
located on the Bay of Fundy, along the coast of Maine and New 
Hampshire, and as far south as Boston. However, only those on 
the Maine coast, and in particular the eastern Maine coast, have 
been adequately investigated. 

To ascertain the regional extent of relative sea-level change 
and possible warping of the earth's crust beyond the Maine coast, 
further reconnaissance trips were taken along the coast of Mas
sachusetts, including Cape Cod, and along the coasts of Rhode 
Island and Connecticut, seeking comparable salt marshes and 
related dykes and other structures similar to those located along 
the Maine coast. Preliminary analyses in the latter areas indicate 
that the relative sea-level rise based on salt-marsh accretion 
appears to have been much less than in Maine. This research 
was aided by the availability of large numbers of descriptive 
historic and botanical notes on salt marshes and beach descrip
tions from Rockland, Maine to Quincy, Massachusetts. These 
notes, never published, recorded observations from 1910 to 19 J 5 
by the well-known worker C. A. Davis. (The notes, both in the 
original and transcribed form, which uses modem botanical 
nomenclature, are in the possession of the senior author.) 

In addition, other archives in Washington, D.C. and impor
tant repositories such as the Registry of Deeds and Probate 
Records in the shire towns of Maine have been extensively 
surveyed, and the authors have located and analyzed much 
valuable material. We have also conducted oral interviews with 
several elderly persons who instructed us on the history of salt 
marsh dykes in their locality, as well as showing us how to build 
and repair a salt marsh dyke. From this work we have been able 
to provide an adequate record from which to determine the 
apparent sea-level rise during the historic period for selected 
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sections of the coast, and we have developed and proven a 
methodology applicable where datable historic structures exist. 

HISTORIC BACKGROUND 

Early settlers began to modify the New England coast as 
soon as they arrived. They built wharves and piers, changed the 
natural drainage, and soon began to dyke and ditch the salt 
marshes which they found in many locations. The ditching and 
dyking did promote some desalination of marsh grasses, al
though reclamation to fresh meadow was not the major purpose 
of the work. For those persons engaged in logging and lumber
ing, or in some agricultural pursuits (droving and fattening 
cattle), the abundant amounts of natural salt grass for hay meant 
that they could make maximum use of their time on other 
matters. Salt marsh hay, taken in the autumn from the natural 
salt marshes near Newburyport, Massachusetts, in the sheltered 
area landward from the Plum Island barrier beach, became 
widely known as a ready cash crop by the late 1630's. In other 
areas more open to the destructive intrusion of the sea than these 
sheltered sites, settlers soon began to control the sea through the 
construction of dykes on the marshes, a technology well known 
from their experiences in the Netherlands, other parts of the Low 
Countries, northern France, and in East Anglia, England. Some 
areas of the salt marshes on the Bay of Fundy were probably 
dyked as early as the beginning of the eighteenth century by the 
French settlers, and perhaps slightly earlier. In contrast, the 
English settlers did not build dykes along the Massachusetts 
coast until the l 770's in the Cohasset area, just south of Boston. 
North of Boston, in the Plum Island area, some dyking was 
attempted, but these marshes, protected from the open sea, were 
generally ditched to control the height of the sea and brackish 
waters. The ditches improved the movement of fresh water from 
the land through the marsh and stabilized the water table. 

In the eighteenth century settlers from Marblehead, Salem, 
and other towns along the north shore of Massachusetts, familiar 
with salt marsh manipulation, began to migrate north. At first 
the migration was seasonal to obtain salt marsh hay grown 
naturally in the abundant and unaltered marshes in Scarborough 
(in the District of Maine), and farther "downeast" in Machias. 
After the great forest fires in southern Maine and New 
Hampshire in 1761-63, loggers moved north to begin their work 
anew in the Maine woods near the Machias River (Fox, 1985). 
These migrants were allotted lands by a company which had 
been granted rights to the territory by the Massachusetts Bay 
Colony. Each of the settlers (forty heads of families in all) were 
granted upland, coastal land, and salt marsh in the same propor
tions. In fact, in this early period ( 1780- 1790) the salt marsh 
created a few problems for the new settlers, as it was the most 
valuable land with its natural hay production, and hay makers 
occasionally trespassed. At least once, a sheriff's posse had to 
be called out to control this trespass and theft of the salt marsh 
hay in Machias. This might even be termed a case of "grass 
rustling". 



Sea-level changes in coastal Maine 

By the l 790's, the methods and techniques of dyking salt 
marshes under North American conditions were well known. 
The primary purpose of this work was always to control the 
quality of the hay by regulating the invasion of the sea on the 
land during storms and high tides. The amount of land reclama
tion was minimal, especially as one went farther north and east. 
Land was relatively abundant and cheap, so the produce of the 
land was more important than providing new or altered land for 
the farmer. Agricultural dictionaries of the time described the 
dyking process clearly (Deane, 1790); and widely circulated 
contemporary farm newspapers published articles on the 
methods and techniques, along with discussion of expected 
results. Between 1795 and 1830 many salt marshes along the 
Maine coast were dyked and thus stabilized against the sea. The 
dating of the building of these dykes often can be determined 
with considerable precision and has great potential in determin
ing the extent of relative sea-level change since the time of their 
construction. 

Other structures built during the colonial period also allow 
the rise of apparent sea-level to be measured, although perhaps 
with not the same precision afforded by measuring the amount 
of salt marsh accretion against the dykes. For example, wharves 
were built for the transport of lumber and other products. Piers 
were put in place to secure log booms. Ships were built and their 
ways extended into the sea, providing potentially datable struc
tures against which to measure sea-level rise by various techni
ques. Tidal mills were widely constructed to control the water 
level , in order to drive saw and grist mills, and they can be dated 
if the critical parts (the pond dams, or the dams on which the 
saws were hung) remain. Roads were constructed on the salt 
marsh surfaces for a variety of purposes, but mostly for access 
to the grass, and later the stored hay. Many of these sites, now 
unusable because of rising sea-level, have been located. If their 
construction dates are known, the ages of the sites help in 
determining the extent and rate of sea-level change. 

DYKES 

We determined that the most useful hi storic structures for 
dating sea-level change are the salt marsh dykes because of their 
commonality of construction methods, their re latively simple 
relationship to sea-level , their great numbers, thei r wide distribu
tion, and the abundant written records relating to theirownership 
and taxation. 

In general, the dykes were built by men working in groups 
of three. The first person, using a specially designed spade, cut 
out sods and passed them to the second person, who then trans
ferred the sods to the man at the face of the dyke, who in tum 
built the dyke much like interlocking bricks. Jobs were rotated 
on a regular basis among the crew, approximately every twenty 
or thirty minutes. Dykes were wider at the bottom, and sloped 
gradually to the top which was perhaps a meter wide. A one-way 
flapper valve was placed at distances of every fifteen meters or 

more along the dyke. This valve, opening automatically to let 
water escape at low tides, also closed automatically to limit the 
amount of sal t water which could enter the marsh during high 
tides. These single dykes, occasionally as long as three hundred 
meters, enclosed large areas of marsh. Such areas of salt marsh 
were never granted in their totality to original settlers, so it was 
nearly always after a period of land acquisition that these long 
dykes were built. The large numbers of land transactions and the 
deeds which attest to them allow researchers to date the dykes 
with precision (Smith and Bridges, 1982). 

Researchers visiting the dykes, most of which were aban
doned sometime in the middle to late nineteenth century (al
though some were still in use in Maine until 1945 (Smith and 
Bridges, 1982), have found substantial salt marsh accretion on 
the dykes. While the dykes were still operating, the amount of 
salt water entering the marsh was strictly controlled. Even after 
the dykes had fallen into disuse, the flapper valves ordinarily 
continued to operate for a time and controlled the amount of salt 
water behind the dykes. Salt marsh peat, formed primarily from 
Spartina grasses (Spartina patens and Spartina alternijlora) 
accumulates as a function of the salinity of the marsh and the 
duration of inundation. These grasses are d istributed in salt 
marshes in a zoned pattern which is easily observed . 

Spartina alternijlora dominates the low marsh, which ex
tends from about mid-tide to mean high water. This plant, 
because of its great vertical range, is of little use in establishing 
former sea-level posi tions. Spartina patens, the most ubiquitous 
of the grasses, forms the general broad surface of the high marsh. 
This high-marsh surface grows upwards in response to rising sea 
level, and its level at any one time is essentially equivalent to the 
level of mean high tide. Hence, by measuring the depth of 
Spartina patens peat that has accreted upon the flanks of a dyke, 
one has an approximate measure of relative sea-level rise since 
the dyke was constructed. If the date of dyke construction can 
be determined, then the amount and rate of re lative sea-level rise 
can be measured (Figure I). 

Although the concept is simple there is a significant problem 
that must be considered in applying this method. In general, salt 
marshes undergo autocompaction which varies with time and 
with the proportion of mud and organic matter, making it very 
difficult to isolate the sea-level change signal from the variable 
amounts of autocompaction. Faced with this problem, we 
selected for examination sections of dykes where the sub-dyke 
salt marsh thickness generally was only 0 to 30 centimeters over 
an incompressible substrate. Such situations are commonly 
present on the landward edge of the marsh and occasionally 
where dykes cross bedrock highs within the marsh. In these 
cases the amount of sub-dyke peat compaction is substantially 
minimized, leaving only the actual sea-level rise recorded by the 
thickness of the peat resting on the flanks of these dykes (Figure 
I ). 

In addition one must be very careful in making observations 
where the dykes te rminate on the landward edge of the marsh, 
as these points were often considerably modified by activities 

129 



D. C. Smith and others 

Figure I. Schematic cross section showing how the amount and rate of sea-level rise can be determined from the accretion of salt 
marsh on a dyke of known age. 

Figure 2. Map of coastal Washington County, showing locations of 
towns where field work was done for this study: (I) Machias-East 
Machias-Machiasport area, (2) Addison, (3) Milbridge, (4) Harrington, 
(5) Pembroke, (6) Perry. 
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related to dyke and marsh management. For example, these 
dykes commonly served as pathways and roads onto the marsh. 

DISTRIBUTION OF DYKES 

In Machias and East Machias (Figure 2) most of the dykes 
were constructed between 1823 and 1826 under the leadership 
of a local entrepreneur, Joseph Fenno. Fenno apparently learned 
the techniques of dyking in Marblehead, Massachusetts, from 
where he migrated to Machias. These Machias-area dykes were 
constructed on salt marshes which he systematical ly purchased 
from 1813 to 1823. Arather complete record of land transactions 
on these dykes has been compiled showing close to two hundred 
real estate purchases. Fenno overshot his mark, however, and 
apparently was forced to liquidate his holdings prior to his death 
in the early 1840's. 

The largest of these dykes, located between Machias and 
East Machias, was rebuilt in the 1860's by an incorporated firm, 
and has since been used to carry the local railroad and the public 
highway (now U.S. Route 1) between Machias and East 
Machias. Some of the dykes in this area can easily be noted on 
the topographic map of the Machias 7.5-minute quadrangle, and 
are shown as "levees" on this map (Figure 3). In the 1920's the 
State of Maine introduced large steel one-directional flapper 
valves to stabilize the many dyked areas. 

Nearly opposite to these meadows, across the tidal Machias 
River, lies a large area in which the dyked meadows were used 
for haying purposes until well into the twentieth century. These 
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Figure 3. Part of the Machias 7.5-rninute quadrangle, showing locations of dykes and wharves near the town of Machias: (I) dyke 
on U.S. Route I, (2) dykes ("levees") on north side of Machias River, (3) Crocker Point dyke, (4) Meserve Head dyke, (5) wharves 
on Machias River. 

dykes were investigated as part of our study. They are located 
adjacent to Crocker Point and Meserve Head on the Machias 
Quadrangle (Figure 3). A cross-section of the dyke at Crocker 
Point in Machiasport (Figure 4) shows the internal structure and 
composition of the dyke, from which its method of construction 
can be verified, as well as the way in which the salt marsh peat 
has accreted against this structure. 

Many other marshes have been dyked in coastal Maine. For 
example, the dykes in Addison (Figure 2) were begun in 1795, 
and others in the system continued to be built until the I 830 's. 
These dykes remained in use until after World War TI, although 
the last repairs on the system were done about 1920. Some dykes 
in Thomaston, on the central Maine coast, were begun in 1795 
by workers employed by General Samuel Waldo. The hay cut 
on these dykes, primarily designed for reclamation, was substan
tial , but the effort was abandoned about 1805. Because they 
were not kept in repair, these dykes were found to be of little use 
in the dating process described in thi s chapter. 

In Milbridge (Figure 2) an extensive complex of dykes lies 
along the eastern shore of the Narraguagus River. These dykes, 
also the result of land acquisition by a local entrepreneur, were 
constructed between 18 15 and 1817, primarily in the spring and 
summer of 1816. Dykes in the Milbridge-Harring ton area were 
of substantial use in our analysis, as certain sections of them lie 
directly on or within I 0 centimeters of bedrock, consequently 

eliminating the problem of autocompaction (Figure 5). Some 
dykes in the Narraguagus system were less useful because an 
effort had been made to ditch the marsh in this century, thus 
rendering any measurements of accrued peat of no real sig
nificance. Other dykes were cored in Pembroke (Figure 2) near 
the Perry town line. These dykes were built between 1825 and 
1829. 

As one travels up and down the coast, it is c lear how much 
o f the salt marsh area of Maine, and the New Eng land coast, was 
controlled at one time by dykes or drainage ditches. The earliest 
dates for dyking in Maine cluster around 1795, which coincides 
with a population increase and the publication of detailed in
structions on how to construct salt marsh dykes (Deane, 1790). 
A second flurry of dyking occurred after 1824, when another set 
of newspaper notices offering advice on dyking was widely 
circulated (Smith and Bridges, 1982). Among the dykes which 
appear to hold the most potential for accurate dating are the ones 
located in Franklin, Frankfurt, Wiscasset, Scarborough , Kittery, 
and Cape Porpoise. 

All of these dyked areas were examined on a reconnaissance 
basis to locate areas where detailed work would potentially yield 
data for this study. It is clear that the distribution of dyked 
marshes would allow further study of historic sea-level changes 
along the entire coast of Maine as well as adjacent coastal areas 
in New England and the Maritime Provinces. 

13 1 
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Figure 4. (a) Excavation showing cross section of the salt marsh dyke at Crocker Point, Machiasport. Dyke was built in 1823. See 
Figure 3 for location. (b) Schematic cross section of the Crocker Point dyke (from Anderson and Borns, 1983) showing how it was 
constructed and subsequently modified, in part, by relative sea-level rise. 
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Figure 5. Salt marsh dyke (center) terminating against bedrock, ad
jacent to the Mill River in Harrington. Dyke was built in 1815-16. 

OTHER EVIDENCE OF SEA-LEVEL CHANGE 

Physical evidence perhaps related to sea-level rise, but 
without the precision of other data, occurs at Shipyard Cove in 
East Machias (Figure 2), a site of active shipbuilding from the 
late I 820's to 1890. Over forty vessels were built at this location. 
During this period, however, the cove partially filled with sedi
ment. The last vessel built became mired in the channel at 
launch, and after extraction of the ship, the site was abandoned. 
During natural infilling of the cove, a small salt marsh developed 
adjacent to, and partially overtopping, the working platform of 
the shipyard (Figure 6). This is shown by our stratigraphic 
analysis of the exposed marsh face (Anderson and others, in 
prep.), during which we identified boards and sawdust from 
shipbuilding and milling activities within the Machias River 
drainage. At least J .36 meters of Spartina altern(fiora peat have 
accumulated since the nineteenth century. 

Although consistent with other evidence for sea-level rise 
along the Maine coast, the rapid accumulation of the salt marsh 
peat at Shipyard Cove is not a precise proxy record of the 
sea-level change. Unlike S. patens, S. alterniflora grows 
primarily below mean high tide, and can colonize and maintain 
populations in areas of rapid sediment deposition. It is clear that 
the growth of this marsh was stimulated by a substantial influx 
of sediment. This influx of sediment might have resulted from 
erosion and redeposition of fine-grained coastal deposits, caused 
by relative sea-level rise, or from erosion of terrigenous materials 
associated with land clearance. What is clear is that the salt 
marsh did accrete, filling in the channel of the shipyard and 
covering the remains of the site once it was abandoned. 

Wharves were constructed along the banks of the Machias 
River in Machias at the head of tide (Figure 3) beginning about 
1780 (and in larger and more complex form until about J 845) 
and were more or less active until the twentieth century. All of 

Figure 6. Man-made fill and salt marsh overlying remains of working 
platform at Shipyard Cove, East Machias. 

these have fallen into disrepair and are completely unusable. 
The remains, including remnants of the working surface, are 
completely submerged at high tide but are visible well out of the 
water at low tide (Figure 7). 

Upon close examination we found an original working 
surface still intact, and about 70 centimeters of Spartina patens 
marsh has accreted on this surface (Anderson and others, 1984). 
Clearly the working surface was constructed at least slightly 
above the high-tide level, and yet the present high tide covers it 
completely. Barring settlement of the wharf, in this area sea level 
apparently has risen at least 70 centimeters, and possibly as much 
as 1.5 meters, si nce the first wharves were constructed. Unfor
tunately the date of construction cannot be determined exactly, 
but the use of this working surface as recently as 1875 is 
indicated by the age of a photograph of the area. In conclusion, 
this analysis suggests a minimum sea-level riseof70 centimeters 
since 1875. 

Other sites where relevant dates have been determined for 
the construction of associated artifacts include wharves at Rob
binston (I 840's); wharves and ways in Perry (I 840's); and tidal 
dams at the following locations: Roque Island (c. 1835) , Star
board (I 830's), Arrowsic (at least as early as 1800, and perhaps 
as early as 1750; active until 1923), Bath (c. 1840 and active until 
1885-88), and Kittery (perhaps as early as 1780, certainly in 
operation by 1825). Oral testimony from elderly citizens along 
the Maine coast also gives an indication of the extent of coastal 
change within the last century. They routinely describe sea-level 
changes of about a meter in the past hundred years, pointing out 
where mooring irons for small boats, the location of fish houses, 
and other aspects of every day life have had to be relocated as 
the waters at high tide rise higher and higher. A visit to the 
Pembroke Iron Works also gave corroborative evidence, as the 
current high-tide marks are substantially above the location of 
erected dams and wharves of a century and a half ago. No salt 
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Figure 7. Remains of wharves on the Machias River in the town of 
Machias. These wharves were used through the late 1800's, when 
lumber was shipped from local sawmills. (a) View at low tide . (b) The 
same view at high tide. 

marsh grows on the river, thus precluding accurate measurement 
of sea-level rise, as the river runs through a rock channel. 

RESEARCH TECHNIQUE AND RESULTS 

The researchers carried out their tasks in two ways. First, a 
prospective dyke was located. Visits to the Registry of Deeds, 
using deductive reasoning from the present ownership, deter
mined the history of the site. By following the land descriptions 
closely it was then possible to provide a date when there was no 
dyke, and a later date when a dyke existed on the property. 
Occasionally, as in the case of the major dyking at Machias, it 
was possible to refine the dates even further because we found 
newspaper accounts giving the time of actual construction. In 
all cases providing the basis for conclusions in this chapter, the 
dating window is less than three years, and usually it is within a 
year of the actual construction of the dyke. 

Once the potentially useful dyke was dated historically, a 
detailed field study was initiated, in which cores were taken from 
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TABLE l. SEA-LEVEL RISE INDICATED BY SALT MARSH DYKES 

Sall Marsh Inferred 
Accretion Average Sea-

Coring Date of Dyke Since Initial Level Rise 
Date Location of Dyke Construction Construction (cm/century) 

1986 Milbridge (next to U.S. 1819 45 cm 27cm 
Route 1-A, behind (min) 
Davey house, on 
Narraguagus River) 

1985 Harrington (Mill River, 1815*-6 51 cm 30cm 
next to U.S. Route 1-A) (min.) 

1987 Machias (east of 1823 60cm 36cm 
Meserve Head, on 
Machias River) 

1986 Pembroke (Sipp 1825*-9 45 cm 28cm 
Brook, U.S. Route 1) (min.) 

*indicates date used for determination of sea-level rise 

the adjacent marsh. Several cores were taken in each case, to 
determine the amount of accretion of salt marsh on the dyke. 
Table 1 shows the sampling sites chosen, and the results obtained 
in the field. As it seems probable that the work of building the 
dykes disturbed the ecology of the salt marsh, the initial build-up 
of the salt marsh peat in areas behind the dykes was delayed 
somewhat. The dykes analyzed here were all kept in repair for 
some time (on the average about 25 years) and then fell into 
disrepair, although some of them continued to be used. Even 
when hay was still harvested, little or no repair occurred. There
fore, the relative sea-level change measured by salt-marsh accre
tion behind the dykes must date from about 25 years after the 
dyke was actually constructed. However, this problem is 
relevant only in the case of the Mill River site (Table 1), since 
the other cored sites are located on the seaward sides of the 
dykes. 

It is occasionally possible to refine the sea-level rise 
evidence as shown in Figure 8. The cores taken from the dyke 
east of Meserve Head in Machias show, in addition to the overall 
sea-level rise measured by peat accretion, further evidence 
within that time period. The dyke was constructed in 1823. 
Large scale saw-milling in the Machias River area began be
tween 1830 and 1840. This event is indicated in the core by 
sawdust particles imbedded in the peat. Saw-milling activity 
continued at a high level into the 1880's (Wood, 1935; Smith, 
1971 ). It then diminished quickly, ending by 1930. The core 
through the toe of the Meserve Head dyke shows this sawmill 
activity as occurring from at least 54.5 centimeters depth to 10 
centimeters in depth (Figure 8). The dyke, constructed in 1823, 
clearly predates the sawmill operation, since no sawdust exists 
on the landward side or under the dyke, while it is ubiquitous in 
the marsh seaward of the dyke. Thus we infer that the relative 
sea-level rise in this area averaged at least 44.5 cm/century from 
1830 to 1930, and slowed to about 17.5 cm/century from 1930 
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to the present. The changing rates of historic sea-level rise in the 
Machias River estuary need to be studied in more detail, since 
we presently have onJy these limited data. 

CORROBORATIVE EVIDENCE 

Two other methods were used to obtain further evidence of 
the amount of relative sea-level rise. Following the methods 
used on the Lynn, Massachusetts marshes by C. A. Davis, we 
located a salt marsh in Perry, Maine (Figure 2), that was crossed 
by a railroad trestle of the Washington County Railroad con
structed in 1899. We assumed, as Davis did, that trains crossing 
the trestle would have showered cinders on the marsh surface. 
These cinders would show up in cores taken in the marsh, and 
the total marsh thickness within and above the cinder-bearing 
lens should indicate the extent of marsh accretion since construc
tion of the railroad. This thickness would then provide a proxy 
indication for the amount and rate of relative sea-level rise for 
the time interval following initial railroad operations. X-ray 
photographs of cores taken at Perry did show the cinder distribu
tion. The marsh, and presumably also the relative sea-level, have 
risen 18 centimeters in the 88 years (a rate of 20.5 cm/century) 
since the railroad was constructed and the trestle built. This 
evidence is clear corroboration of the findings in the salt marsh 
dyke cores. 

In addition, the authors have located a very large number of 
field notebooks from nineteenth century sea-level research, 
which are now part of the National Archives in Washington, D.C. 
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TABLE 2. NATIONAL ARCHIVES TIDAL DATA FOR MAINE 

Location 

Calais to Eastport 
Eastport to Cobscook Bay 
Cobscook to Lubec 
Quoddy Roads to Cutler 
Cutler to Machiasport 
Machiasport to Mudhole Channel 
Jonesport 
Jonesport to Pleasant River 
Addison/Milbridge 
Narraguagus Bay 
Narraguagus to Pigeon Hill 

Years of Observation 

1841, 1860. 1861 , 1887 
1887, 1888. 1889 
1861, 1866, 1888 
1886 
1885, 1886, 1887 
1859, 1883, 1885. 1887 
1870 
1871.1872. 1883, 1885. 1886. 1888 
1857, 1882. 1883 
1884 
1882, 1883, 1884 

This research was undertaken to determine mean sea-level at a 
number of places on the coast of the United States. Those field 
notebooks whjch concern Maine are located in Boxes 38-50, 
Record Group 23, National Archives. They include 46 
manuscript volumes of data. The data range in location from 
Eastport to Kittery, and in time from 1841 to 1890. Further data 
is available for the twentieth century from the same and similar 
sites. 

The observation periods of National Archives data in these 
volumes are unfortunately too short to be of much importance; 
however, perusal of the data indicates that the sea level of today 
is substantially higher than the sea levels noted by observers in 
the 1800's. Table 2 indicates the places where the sea-level data 
were obtained, as well as the times of the observations. 

Figure 8. Schema1ic cross seclion of lhe dyke east of Meserve Head in Machias, showing lhe stratigraphy of a core taken on the 
seaward flank of the dyke. See Figure 3 for location. 
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These data collections were begun by the U.S. Coast and 
Geodetic Survey, but were interrupted by the Civil War. From 
the indications in the field books, they were primarily used as a 
way of spending a few weeks in Maine in the summer after the 
Civil War period. The data collectors spent most of the year in 
Mobile Bay, coming to Maine only for the summer months. As 
a consequence the data is of little use at the moment, except as 
corroboration of other results. There is, in addition, a continuous 
twenty-year record from tide gauges at North Haven, Maine, but 
the actual data are currently missing at the National Archives. 
Only the correspondence, unfortunately without any data other 
than to indicate a rising sea level in general terms, is still 
available. It is interesting, however, that the researcher who 
undertook this work (begun soon after the Civil War) felt that sea 
level was changing and he wished to test his hypothesis. Addi
tional correspondence in these files indicates that other observers 
were aware of changes in apparent sea level at this time. We did 
not pursue this avenue of research because of projected time 
requirements as weighted against the predicted value of results. 

CONCLUSIONS 

Historical dating of dykes and other coastal structures, and 
their use in determining sea-level changes, is interesting and 
productive work, especially as it utilizes research from several 
disciplines. The researcher must be prepared to spend substan
tial time in surveying maps from the past, scrutinizing them 
minutely, and then following that work with examination of 
modem maps. Differences shown in mean water height through 
time may well be the consequences of sea-level change, and 
research on man-made structures may allow determination of the 
actual changes which have occurred. County officials often have 
detailed maps from the times of earliest settlements in their files 
and archives, and these often show details of valuable property 
such as salt marshes, dykes, levees, and other structures. 

Problems are raised by our methods, of course. Dyke and 
marsh substrates may compact under the weight of the marsh to 
some degree, and they are subject to damage from heavy storms 
and higher than normal tides. The dykes we chose to study in 
detail, however, usually did not suffer much from these forces. 
Those persons who built the dykes constructed them for their 
own purposes, not for modern research, so the value of the 
sea-level analysis depends on careful selection of dykes fol
lowed by cautious stratigraphic study. Many dykes that were 
dated and cored were eventually found to be unsuitable for our 
purposes. They were too problematical for a variety of reasons, 
although the salt-marsh accretion of their flanks qualitatively 
supported our findings. Those dykes which met our standards 
have substantial amounts of accreted salt marsh peat, averaging 
about 25 to 35 centimeters per century. Since the time when the 
later dykes were constructed along the coast of eastern Maine, 
the apparent sea-level rise may indicate that crustal downwarp
ing in that area has been as much as 60 centimeters. 
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This research, when used in conjunction with other work 
reported in this publication, and with the annual reports produced 
in the past for this project, helps extend our perceptions of 
changes in the land and adjacent sea level in coastal Maine. Over 
the past two hundred years a substantial change has occurred, 
locally as much as 1.5 meters of sea-level rise that may have 
resulted in part from crustal downwarping. The amount of 
relative sea-level change in the southern coastal zone, near 
Thomaston and farther south, is not as great as near Eastport and 
in the Bay of Fundy. A greater rate of change apparently occurs 
east of Machias, to the Maine-New Brunswick boundary, and 
perhaps beyond that point. Researchers in adjacent Canada have 
reported similar changes in sea level (Boardman, 1885; Ganong, 
1903; Johnson, 1925; Ogden and Harvey, 1975). Our results are 
consistent in direction and magnitude with those derived by other 
workers and from tide-gauge records. Moreover, they contribute 
precise data for definite periods of historic time generally unob
tainable by other methods. 
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APPENDIX A 

Henry Mitchell to Superintendent, Coast and Geodetic Survey. June 2, 
1875, headed - Our Coast Pilot (A Few More Jealous Remarks Concerning It.) 

Dear Sir: 
Perhaps you wi II recollect that some years ago, when on the subject of 

reclamation of tide lands, I reported -- what I regarded as an important general 
rule -- that the salt marshes lie at the plane of mean high water. almost exactly. 
[ had examined localities where different heights of tides obtained, as, for 
instance, Buzzards Bay, Cape Cod Bay and San Francisco Bay, and I had 
overhauled the levellings made by the Royal Engineers, for a proposed ship canal 
from the Bay of Fundy, to the Gulf of St. Lawrence. In the last nan1ed case, I 
found marshes on the two sides of the isthmus -- not many miles apart -- differed 
in elevation some 30 feet (:)being the difference in the elevations of mean high 

water with which each corresponded locally. 
(:)I don 't remember just the figures. I was so impressed with this matter 

that I remember suggesting that the elevation of marshes (from mean of line of 
levels) should be slated as a bench of reference for soundings. 

Now: - Has Prof. Shaler based his interesting statement relative to the 
emergence of the coast (I to 3 feet per century) upon the discovery of great plains 

Wood, R., 1935 (reprinted 1972 with new introduction by Smith, D. C.), A 
History of Maine Lumbering, 1820- 1861 : Orono, Maine, University of 
Maine. 

of upland once covered by deed or patent as salt marshes? or on a special 
observation of tides? or on old chart? 

If we go back to the charts of Champlain of 1605 mid 1606, i.e .. 270 years, 
we find upon his harbor map of Le Beauport (Gloucester) marshes where they 
now exist - the same may be said of his map of Chouacoit (Saco). I have already 
called your attention to the correspondence between Champlain's soundings at 
Gloucester and our own. They are stated in fathoms, and out of 36 only one is 
deeper than ours. They are reduced to L. W. I ike our own. No change of practical 
importance seems tJ have occurred in the firm bed of the Gloucester channel and 
it is only in this "practical" sense that I offer any criticism. 

This question of rise and fall of the coast is an old one in the Coast Survey, 
and the watch has been kept for a quarter of a century or more so that we ought 
to know the fact nearer than I to 3 feet. 

I very respectfully submit, 
H. Mitchell 
to Superintendent C. P. Patterson, U.S. Coast Survey. 
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ABSTRACT 

A new, detailed history of earthquakes in Maine prior to 1900 is provided. Using accounts from diaries and 
newspapers to supplement earlier listings, many previously uncataloged earthquakes, as well as more detailed 
descriptions of previously known events, have been found. Modified Mercalli intensities have been assigned to these 
events where possible. Historically-recorded Maine earthquakes tend to be centered in the coastal zone, clustering 
in the Eastport and Penobscot Valley areas. They occur mostly southeast of the Norumbega fault system. 

INTRODUCTION 

There has been an intensified interest in natural phenomena 
during the past several hundred years, Jed by scientists, but also 
shared by non-scientists who simply observed these events in the 
hope that their observations might give clues to life's problems 
and aid in future planning. The weather record for an individual 
farm might be of some use in helping with plans for breeding 
animals, re taining a sufficient winter food supply, siting houses 
and buildings, and even planting and harvesting crops. Many 
people, therefore, kept diaries containing records of natural 
phenomena. These diaries now exist virtually unused in 
depositories. They often note occurrences of potential interest 
to the modem researcher, such as observations of the aurora 
borealis, occurrences of the earth 's magnetic aura as seen in 
displays in the sky, extraordinary winds, smoke in the air, the 
appearance of comets, the flight of meteors, and the time, dura
tion, direction, and impact of sensible earthquakes. 

When newspapers began to be published extensively, ac
counts of earthquakes were also of interest to editors and their 
readers. By seeking out such accounts it is possible to extend 
our knowledge of seismic events in the past, and perhaps to 
extend our analysis if several descriptions of the same event are 
located. In the I 920's, the U.S. Geological Survey commenced 

systematic collection of earthquake records. Chronological and 
geographic listings of these findings were published in 1926, 
with revisions in 1934, 1939, 194 1, 1947,and 1951. Subsequent 
additions, refinements, and revisions of the USGS catalogs 
appeared in 1958, 1961 , 1965, 1966, 1970, and 1973. The most 
recent edition of this earthquake history of the United States was 
published in 1982, bringing the data for the country up to 1980 
(Coffman and others, 1982). The compilers have been increas
ingly concerned with listing only those data which can be fully 
corroborated; and, in this century, the listings are based almost 
entirely on instrumental recordings. Personal descriptions of the 
events have tended to diminish in the literature, although they 
still play a role, especially when severe or traumatic earthquakes 
have occurred. 

In our work of updating and extending the historical record 
of earthquakes in Maine, we have noted that interest in earth 
movements has not lessened, although modem accounts in the 
press have become stereotyped. Usually they simply repeat the 
accounts of the event issued by the nearest seismological station. 
When interviewed, however, persons who experienced an 
earthquake often recall the details of the event very readily. 
Reports like those which enlivened early newspaper and diary 
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accounts emerge easily, and the flavor and relative intensity of 
the event may be reconstructed. In fact it is our impression that 
the number, extent, and significance of seismic events is as great 
as ever in folk knowledge and history, but has been submerged 
and diminished somewhat by the attention given to scientific 
reports of events based on readings from seismographs. For 
these reasons we have chosen to end our search with the begin
ning of the twentieth century, but note that historians in the future 
could derive much from oral history, anecdotal accounts, and 
diaries in which the individual impact of an earthquake is 
recorded or remembered. 

As the accounts of earthquakes which form the basis for this 
paper depend almost entirely on recollections following the 
actual events, they are not precise records of earth movements. 
Instruments were not available to the observers to record this 
type of information. What we report here are the accounts 
spoken and compiled by people who shared a common language 
and perceptions with which they could convey their feelings. 
Some of these descriptions and perceptions seem archaic to 
modem readers, but translation into today 's equivalents (e.g. 
Richter magnitudes) is a dangerous and distorting act. There are 
several earthquake intensity scales that reflect the language and 
usages of former times. From these we have chosen to use the 
modified Mercalli scale of 1931 in this report (Appendix D), 
because it seems to be most closely related to the experience of 
contemporary observers and it has been tested against precise 
measurement (Barosh, 1969). 

Qualitative observations and determinations of earthquake 
intensity are subject to human error. We have attempted to 
reduce this error by using multiple observations, and have as
signed a relative intensity value when a substantial amount of 
descriptive information is available. Space precludes an exten
sive discussion of the historical data used to compile the 
earthquake tables presented here, although a few examples of 
our sources are presented. (A complete list of our data is avail
able upon request from the senior author.) 

Newspaper accounts of earthquakes, particularly in the lat
ter part of the nineteenth century, recount observations by many 
observers, especially for the larger and more well-known events. 
Several examples are given below. These accounts do not al
ways occur on the front page of the newspaper; in fact, they are 
much more likely to occur as editorial filler. Oftentimes the 
original story, which may reflect observations at a particular 
place, is enhanced by correspondents who recount their own 
experiences. Thus, the researcher cannot be content with skim
ming one or two pages, but must range back and forth through 
newspaper accounts for bits and pieces of earthquake descrip
tions. Even though the researchers on this project have at
tempted to survey every newspaper in the area from Saint John, 
New Brunswick, to Portsmouth, New Hampshire, up to the year 
1900, and have supplemented the accounts with observations 
found in journals, diaries, and other compilations (Appendix A), 
it is probable that some seismic events remain to be located. 
Similar work in other parts of the United States and Canada, as 
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well as in Mexico, although perhaps tedious to contemplate, 
would add greatly to our general knowledge of the seismic 
history of North America. 

One other matter needs to be explained with regard to 
historical research in matters such as these. Universal Standard 
Time (UST) is a relatively recent development. It was adopted 
in the United States only in 1883, and the time zones of the world 
as they are known today date from 1884. In that year a world 
conference established Greenwich as the prime meridian, and a 
universal time based on Greenwich became the standard. Prior 
to that conference times varied widely. In the United States 
times were often set by a municipality, or a county, and oc
casionally by a state. A series of railway accidents caused 
common carriers to establish standard times along their lines, but 
even here the times occasionally differed. In theory, railway 
time was consistent after 1849, but there were still problems as 
no standard was available for synchronization of clocks. Thus, 
without knowing the exact standard in use at a particular locality 
prior to 1884, our pre-1884 listings of the times of earthquake 
events are "local times" and not UST. Lists of earthquakes which 
are part of the record often err in this matter. 

Occasionally times vary as little as fifteen minutes between 
neighboring municipalities. Times are more apt to be stand
ardized later in the record, as the movement which led to estab
lishing UST dates from about 1878. Differences persist today. 
Some cities and counties in the United States do not observe 
"daylight times", nor does the state of Arizona. An event occur
ring in these localities can still be given an erroneous listing if 
the observer is not careful. Of course, prior to the mid eighteenth 
century, listed times for events can vary by days as the calendar 
in common use varied from astronomical time. (This difference 
persisted in many parts of the world until even later, as, for 
example, in Russia where the modem calendar was not adopted 
until 1918.) 

EXAMPLES OF HISTORICAL EARTHQUAKE 
RECORDS 

I. A book entitled Rambles About Portsmouth, published in 
I 873, quotes from an almanac annotated by Daniel Pierce, 
March 18, 1755: "At 4 o'clock this morning we were roused by 
an earthquake. It came with a roar like thunder and shook 
terribly. It was immediately repeated, and both shocks held a 
considerable time, more than two minutes" (Adams, 1825; 
Brewster, 1873). 

2. October 22, 1869 - St. Croix Courier (St. Stephen, New 
Brunswick), edition of October 28, 1869: "Most severe shock 
ever experienced. Awoke people and shook dishes from walls 
to floor. Some observed ground surging like waves at sea and 
schooners were considerably rocked at wharves. Houses were 
shaken and great alarm was felt." 

Another account of this same event in the St. John (New 
Brunswick) Telegraph Journal, issue of October 23, 1869, 
describes the event as being 45 seconds in duration, and occur-
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ring al 5:45 a.m. at a latitude of 45.9° and a longitude of 66.6°. 
This account says that a rumbling sound preceded the movement 
of the earth, which was severe enough to topple chimneys and 
open cracks in the wall of a brick building. 

A later quake, at 5:48 a.m. that same day, lasted 15 seconds, 
and the wave motion was described as proceeding from east to 
west. The Machias Union (Maine) of November 2, 1869, 
described this earthquake as having been felt in Alexander, a 
nearby town, and lasting about a minute. It was described as 
more severe than a tornado of the same year. People and animals 
were frightened. "The hens flew from the roost in great fright. 
The sound appeared from s.w. to n.e." (The "tornado" is the 
famous Saxby Gale.) 

3. Several months later, on March 17, 1870, another quake 
was felt in eastern Maine. Although not as strong, the accounts 
suggest the intensity of the quake. The St. John Daily Telegraph , 
March 18, 1870, reported the previous day's earthquake at 45.2° 
latitude and 66.1° longitude. In the midst of a bad storm, a 
strange noise occurred and "part of the harbor broke away." 

The Eastport Sentinel, March 30, 1870, reporting on this 
same earth tremor, remarked "rumbling noise. Afterwards part 
of the harbour sank." This quake, in a later listing of New 
Brunswick seismic events, was recorded as occurring from 6:00 
to 8:00, and it was remarked that the earth movement was a 
landslide at Sand Point in St. John harbour. 

4. August 16, 1774. From the New Hampshire Gazette of 
August 19, 1774: "4 p.m. Tuesday afternoon, about 4 o'clock, a 
small shock of an earthquake, was felt in this and the neighboring 
towns." 

5. June l, 1823, 11 :50 a.m. A quake lasting from 20 to 60 
seconds, and proceeding toward the east, was recorded in the 
Bangor Weekly Register, June 12, 1823: "Sound of subterranean 
thunder. Jarring and tremulous motion of earth. Effects felt on 
vessels in harbor. One captain felt action as if sail ing at five 
knots and rubbing over pebbly bottom. Also water rose eight 
inches by wharves and sank again immediately." 

6. June 19, 1825, 10:33 p.m. From the Oxford Observer, 
June 23, 1825: "Several shocks of an earthquake were distinctly 
felt in this town on Monday last, the first two at 33 minutes past 
I 0 o'clock, within a few seconds of each other, and a third about 
5 minutes past midnight. The direction was from WSW to ENE 
and the concussion was such as to shake the houses in town, and 
rattle the windows with considerable violence." 

The above examples are typical of the type and quality of 
the data which has been retreived from these new sources. 

TABULATED EARTHQUAKE RECORDS 

Appendix B summarizes the authors' research into historic 
seismicity in Maine and surrounding areas. It includes a pre limi
nary effort, by two of the authors, to assign Modified Mercalli 
intensities to those events for which enough data are thought to 
be available. These events also are listed in Appendix C in 
descending order of intensity. We have included all reports 

which differ significantly in time, which indicate a variance in 
reported direction, or which help in ascertaining our effort at 
providing Mercalli intensities. It is expected that further clas
sification of these earthquakes will result when these data are 
analyzed by seismologists. 

This listing should be helpful in indicating aftershocks and 
their character. The short time differences between some 
reported earthquakes probably often indicate such information, 
especially when both differing times and intensities are recorded. 
We have listed local times as reported. Appendix B lists ap
proximately 100 events which have not previously been reported 
in published earthquake histories. Chiburis ( 198 1) presented his 
data in modem standard time (U.S.T.), but those data are some
what skewed where local times were involved before 1884. 
Some of these new data reflec t our refinement of the local times 
used in the earlier period. 

Caution should be applied by users of these data. The tables 
are the product of several researchers over a period of time, who 
felt that a more detailed listing of earthquakes in coastal Maine 
might be useful in interpreting recent crustal movements in this 
region. The authors are not trained seismologists. Thus the data 
are listed without much refinement, except to apply historica l 
techniques to discard those data which are repetitive of other 
sources as well as those given with what are apparently wrong 
dates or other incorrect attributes. In the latter part of the period , 
and especially after the creation of standardized news gathering 
agencies (after the Civil War), newspapers often reprinted the 
accounts of earthquakes, and we have discarded such repetitive 
data. Our tables list accounts of earthquakes sensibly felt and 
reported in Maine and adjoining areas. We have focused on 
hitherto unknown events and newly located descriptions in our 
reports. 

SYNTHESIS OF EARTHQUAKE DAT A 

The lack of extreme precision of the recorded times when 
the earthquakes were felt precludes accurate determination of 
the ir epicenters. However, the distribution of reported locations 
in both time and space demonstrates that: 

1. Activity is concentrated in the coastal zone. 
2. Within the coastal zone there are clusters of 

earthquakes in the Eastport and Penobscot Valley 
areas. 

3. The majority of historically recorded earthquakes 
occur southeast of the Norumbega Fault system. 

4. Earthquakes were apparently more frequently ob
served between 1870 and 1900 than earlier, perhaps 
indicating a more active seismic period during these 
years. 

The distribution of these data has to be evaluated within the 
context of population distribution through time. For example, 
the sparse number of reports during the eighteenth century and 
their concentration in extreme southwestern Maine most probab
ly reflect the population concentration of the time rather than the 
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real distribution of seismic events. However, the coast was 
thoroughly populated from 1800 to 1900, and newspapers were 
well established. Therefore, the distribution of quakes recorded 
during the Janer period is probably an accurate representation of 
the seismic activity (Chiburis, 1981 ). 
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APPENDIX B. EARTHQUAKES RECORDED lN MAINE AND ADJOINING AREAS, 1638- 1900 

Asterisk indicates event not previously listed in earthquake catalogs. or one which differs in time of day. or day of the month from previously established lists. 
These listings are included to help with further analysis. Each group of closely spaced limes are probably the same basic event. but some of the new descriptions 
may indicate foreshocks or aftershocks. A listing with the prefix of# indicates a finding which differs, or which might differ, in time from those in Chiburis 
( 1981). These are earthquakes which may warrant further study in order lo detem1ine whether the listings tell us more about the nature of these events. Direction-
al listings indicate the way in which the shock was fell lo be moving, e.g., W-E means it was described as moving from west to east. 

Coumy or Duration Mercalli Reference 
Year Date Time Town(s) Province Direction (sec) Intensity (Appendix A) 

1638 June I (coa~tal) All E-W 240 VII (probable)40 
1638 June 2 Kiuery York v 30 
1658 April 14 (coa~tal) All 30,38 
1658 Kinery York 38 
1661 February 10 St. Lawrence 32 

Valley 
1663 February 5 5:30 pm 
1663 (coastal) All 34,38 

#1727 October29 10:40pm Falmouth Cumberland NE-SW 120 VI 30 
#1727 October29 10:30am Kiuery York NW-SE 120 VI-VII 38 

(These are listings with old-style (Julian) dales for the well-known event usually given as November 10, 1727.) 
1732 September 16 Kiuery York VI-VII 33 
1744 June 3 AM Falmouth Cumberland 36. 39 
1755 March 18 4:00 pm Portsmouth/ York 120 30,33 

Kinery 
1755 November 17 4:15 am Falmouth Cumberland 120 V-VI 
1755 November 17 AM Kiuery York 36,39 

# 1755 November 18 6:11 am Falmouth Cumberland NW-SE 240 VII 38 
1755 November 22 8:30 pm Falmouth Cumberland 36,39 
1755 December 19 PM Falmouth Cumberland 36.39 

*1756 November 15 3:30am Kiuery York 18 
*1757 July 14 2:00 pm Kinery York Ill 18 
*1758 April Kiuery York 18 
#1759 February 2 2: 15 am Killery York Ill 18 

1760 February 3 3:00 am Kiuery York Ill 18, 32 
1761 March 12 2:15 am Falmouth Cumberland IV 36,39 

* 1761 October 30 8:00 pm Portsmouth 18 
1764 September 30 12:00 noon St. John New Brunswick 11-11! 34 

*1764 November 14 12:00mid. Falmouth Cumberland 36.39 
#1766 January 23 AM Falmouth Cumberland 36,39 
*1766 January 23 5:00am Falmouth Cumberland Ill 36,39 

1766 January 24 Falmouth Cumberland II 36,39 
*1768 June 20 1:30pm Kiuery York Ill 18 
*1768 December28 6:40pm Kinery York 111- IV 18 
1769 October 19 5:00 pm Falmouth Cumberland IV 36.39 
* 1771 March 3 5:00 am Killery York 11 -111 18 
*1774 August 16 4:00 pm Killery York III 18 
* 1775 November 12:00noon St. John New Brunswick 34 
*1786 January 2 7:15 am Lebanon York 2 
*1786 January 2 7:00am Falmouth Cumberland Ill 36,39 
*1786 January 2 7:30 am Kiuery York Ill 18 
*1786 November29 3:00am Lebanon York 2 
#1801 March I 3:30 pm Killery York NW-SE 30 IV-V 30 
*1806 June 18 7:30 am Portland Cumberland II-Ill 18 

(This is apparently the same event reported as June 13 in Chiburis ( 1981).) 
*1807 February 25 1:40pm Kiuery York NE-SW 30 111-IV 18 
* 1808 February 22 1:40 pm Portland Cumberland NE-SW 30 III 22 
* 1808 June 26 2:30am Portland Cumberland IV 22 
*1810 November 9 9:00 pm Kiuery York W-E 111-IV 33 
#1814 November28 7:16 pm Portland Cumberland S-N 40 Ill-IV 18,22 
#1814 November 28 7:20 pm Kinery York 30 IV 30 
*18 17 May22 8:31 am Fredericton New Brunswick 17 
* 1817 May22 St. Andrews New Brunswick 17 
* 18 17 May22 8:31 am St. John New Brunswick 60 17 
* 1817 May22 3:30am Dennysville Washington I 
* 1817 May22 3:10am Augusta Kennebec 60 22 
* 18 17 May22 3:05 pm Portland Cumberland SW-NE 3 IV 22 
*1817 May22 3:00am Wiscasset Lincoln IV 22 

143 



D. C. Smith and others 

APPENDIX B. CONTINUED. 

County or Duration Mercalli Reference 
Year Date Time Town(s) Province Direction (sec) Intensity (Appendix A) 

*18 17 May22 3:15 am Bangor Penobscot 60 IV 3 
*18 17 October2 I 1:55am Kiuery York III 18 
*18 19 July 2 1 Dennysville Washington I 
*182 1 May 4 2:45 am Jackson Waldo 22 
#1821 May 5 7:30 am Bangor Penobscot NW-SE v 3 

1821 May5 7:30 am Belfas t Waldo 20 IV 13 
* 182 1 July 9 9:15 pm Eastport Washington 5 II 
* 1823 June I I 1:50am Bangor Penobscot NW-SE 20-60 IV 3 

(This may be the event listed as June I 0 in Chiburis ( 1981 ).) 
1824 July 9 9:15 pm Eastport Washington JV 34,37 
* 1825 June 19 10:33 pm Paris Oxford WSW-ENE IV 2 1 
* 1828 July 28 9:45 am Brunswick Cumberland 14 

(Chiburis ( 1981 ) lists an event on July 25.) 
*1829 August 27 IO:OOpm Belfas t Waldo IV 7 
* 1829 August 27 10:15 pm Bangor Penobscot 3 
*1844 December 18 4:00 am Portland Cumberland 7 
#1851 January 3 l 1:45 pm Belfas t Waldo W-N 15 IV 7 

1851 January 30 5:30 pm Calais/Eastport Washington 50 III- IV I, 37 
*1853 July 17 10:30 am Portland Cumberland IV 4 

(Chiburis ( 1981) has a different lime which may be incorrect.) 
1854 December IO Kiuery York 22.33 
*1855 January 16 7:00pm Portland Cumberland 4 
#1855 January 18 Portland/ Cumberland/ 4 

Bangor Penobscot 
1855 February 8 6:30 am Machias Washington 90 v 15 
1855 February 8 6:30am St John New Brunswick 40-50 v 34 
1855 February 8 Eastport Washington II 

*1855 February 9 6:45 am St John New Brunswick IV 25 
*1855 February 15 7:00 am Calais Washington 4 
#1855 February 18 6:00am Bangor Penobscot IV 4 

1855 February 18 Waterville Kennebec 4 
#1855 February 18 5:30am Belfast Waldo III 7 

1855 February 18 Waterville Kennebec 22 
*1857 October 3 1 7:40 am Belfast Waldo IV 16 
1857 December 8 8:00 pm Bangor Penobscot IV 4. 16 
* 1857 December 23 2:00 pm Augusta Kennebec IV 4 
* 1857 December 23 Wiscasset Lincoln 4 
* 1857 December 23 Waterville Kennebec 16 
* 1857 December23 6:30 pm Lewiston Androscoggin YI-VII 32 

(These listings for December 23, 1857 are examples of new reports of a fairly well-known event.) 
*1859 October26 2:00 am Calais Washington 9 
*1859 October26 2:30 am St John New Brunswick 17. 25 
*1860 October I7 6:25 am St John New Brunswick 20-30 25 

1860 October 17 6:00 am Machias Washington 15 
1860 October 17 6:00am Augusta Kennebec IV 14 
1860 October 17 6:00 am Bangor Penobscot 50-60 IV 4 
1860 October 17 6:00 am Belfast Waldo III-IV 7 
1860 October 17 6:00 am (coastal) All N-S 8 IV 22 
1860 October 17 6:00am Gorham Cumberland Y-YI 22 
1860 October Houlton Aroostook V-Vl I 
1860 October 17 6:00 am Paris Oxford III-IV 22 

#186 1 January 25 5:45 am Steuben Washington 60 III 37 
*1861 January 25 4:00 pm Ea5tport Wa5hington II 
#1861 January 25 4:00 pm Steuben Wa5hington 60 37 
*186 1 January Bethel Oxford 4 
#1862 January 23 8:30 pm Pembroke Washington 37 
*1868 March 15 Hitchbom Waldo 7 
#1869 Octobcr22 5:45 am St. Stephen New Brunswick v 24 
#1869 Octobcr22 5:44 am St John New Brunswick 15-20 v 27 
# 1869 Octobcr 22 5:20 am St Andrews New Brunswick IV 27 

1869 October 22 St. Stephen New Brunswick 27 
1869 October22 5:45 am Frede ricton New Brunswick 35 VII 27 
1869 October22 5:45 am Machias Washington 25-45 15 
1869 October22 5:45 am St. John New Brunswick 20 IV-V 25 
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Contribution to earthquake history of Maine 

APPENDIX B. CONTINUED. 

County or Duration Mercalli Reference 
Year Date Time Town(s) Province Direction (sec) Intensity (Appendix A) 

1869 October22 5:45 am Fredericton New Brunswick 30 v 25 
1869 October 22 6:00 am Gagetown New Brunswick 27 

#I869 October 22 5:48 am St. John New Brunswick 15 v 34 
#1869 October 22 5:30am Augusta Kennebec 60 IV-V 14 

1869 October 22 5:30am Augusta Kennebec 60 IV 14 
1869 October22 5:30 am Bangor Penobscot NE-SW 30 v 4 
1869 October22 5:30 am Belfast Waldo 60 IV 7 
I869 October 22 5:30 am (coastal) All 60 7 

#1869 October 22 5:20am Wiscasset Lincoln 180 7 
1869 October 22 Ellsworth Hancock 12 

#I869 October22 5:15 am Portland Cumberland 30 IV 22 
#1869 October22 5:00 am St. John New Brunswick 7 

1869 October 22 5:30 pm Paris Oxford 30 IV 22 
*1870 March 17 I l:OOam St. John New Brunswick JV 27 

1870 March 17 6-8am St. John New Brunswick 34 
*1870 March 18 St. John New Brunswick 11 

1870 October 20 l 1:40am Westfield New Brunswick 6 27 
1870 October 20 11:45 am Fairville New Brunswick IV 27 
1870 October20 11 :45 am St. John New Brunswick IV 27 
1870 October20 11:45 am Fredericton New Brunswick 4-7 v 27 
1870 October20 11:40am Welsford New Brunswick 7 27 
1870 October 20 11 :45 am St. George New Brunswick 27 
1870 October 20 11:40 am St. Stephen New Brunswick Ill-IV 27 
1870 October 20 11 :40 am Machias Washington 30 IV 15 
1870 October 20 l l:OOam St. Stephen New Brunswick 24 

#1870 October20 12:00 noon St. John New Brunswick 2-3 25 
1870 October 20 11:43 am Fredericton New Brunswic k 2 34 

#1870 October20 11 :00 am Eastport Washington 30 37 
1870 October20 l 1:30am Augusia Kennebec N-S 30 VI-VII 14 
1870 October20 l l :30am All All 30 VI-VII 14 
1870 October 20 11 :30 am Bangor Penobscot SW-NE 30-40 VI 4 
1870 October 20 11 :30 am Belfast Waldo 25 v 7 
1870 October 20 AM Ellsworth Hancock NE-SW 30-40 VI 12 
1870 October 20 l 1:30am Rockland Lincoln NE-SW v 23 
1870 October 20 l 1:30am Paris Oxford NE-SW 30-40 Vl-Vll 22 

#1872 January 9 PM Quebec Quebec 23 
#1873 January 11 5:00am Brunswick Cumberland 2 
#1873 February 22 7:30am St. George New Brunswick Ill 24 

1873 February 22 7:25 am Eastport Washington 7,27 
# 1873 April 17 4:00pm Waterville Kennebec 4 
# 1874 February 12 6:30 am Saco York Ill 23 

1874 February 27 11:00 pm Machias Washington IV 15 
1874 February 27 10:40 pm Eastport Washington 11 
1874 February 27 10:45 pm St. Stephen New Brunswick IV 24 
1874 February 27 10:40 pm Eastport Washington 37 
1876 November20 12:40 pm Machias Washington 30 2, 15 
1876 November20 PM Eastport Washington III 15 
1876 November24 12:45 pm Eastport Wa~hington II 

# 1877 February 18 2:20 pm Portland Cumberland JV 2, 14 
#1880 April 3 2:30am Fort Fairfield Aroostook 7,23 

1881 January 20 Bath Sagadahoc IO 33 
#1881 July 31 9:45 pm Bangor Penobscot N-S 20 IV-V 2,4 

1882 December 19 5:20 pm Biddeford York IV 2,8 
1882 December 19 5:24 pm South Berwick York W-E 8-10 IV-V 14,22,23 
1882 December 31 PM Machias Washington IV 15 
1882 December 31 9:56 pm St. John New Brunswick IV 26,34 
1882 December 3 1 9:55 pm Eastport Washington 11 , 37 
1882 December 31 PM St. John New Brunswick 24 
1882 Deccmber31 9:30 pm Belfast Waldo NE-SW JV 23 
1882 December 31 10:00 pm Rockland Lincoln 6, 14 
1882 December 31 PM Bangor Penobscot JV 2,4 

*1883 January I 5:00 am Machias Washington IV 15 
* 1883 January 5 Kezar Falls Oxford 22 
#1884 January 26 Rothesay New Brunswick III 27.34 
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D. C. Smith and others 

APPENDIX B. CONTINUED. 

County or Duration Mercalli Reference 
Year Date Time Town(s) Province Direction (sec) Intensity (Appendix A) 

#1884 January 27 PM St. John New Brunswick 15 
1884 January 27 PM Rothesay New Brunswick 24 
1884 August 10 Kittery York 33 

*1884 August 14 PM Bar Harbor Hancock 30 IV 5 
1884 December? 3:00am Calais Washington 23 
1885 June 10:00 am Grand Manan New Brunswick 34 

*1888 July21 PM Winthrop Kennebec 30 IV 2 
#1888 August 15 PM Augusta Kennebec 23 

1888 August 15 8:20 pm Winthrop Kennebec 30 IV 5, 7 
*1889 January 26 Charlotte Washington 

1896 March 22 8:35 pm Machias Washington 15 
1896 March 22 8:30 pm St. Stephen New Brunswick 55 Ill 24 
1896 March 22 8:30 pm Eastport Washington Ill 11 
1896 March 22 St. Stephen New Brunswick 24 
1896 March 22 7:56 am Eastport Washington 4-5 Ill 34,37 
18% March 22 Grand Manan New Brunswick 2-3 Ill 34,37 
18% March 22 8:45 pm St. Andrews New Brunswick 3 Ill 34 
18% May 15 1 l :OOpm Fredericton New Brunswick 34 

* 1896 September Ellsworth Hancock 12 
# 1897 January 26 I 1:30am Machias Washington 30 IV 9 

1897 January 26 AM Campobello New Brunswick 34 
1897 January 26 Charlotte Washington IV 15 
1897 February 14 9:00am Grand Manan New Brunswick 2 34 

#1897 September 25 l :OOpm Houlton Aroostook NE-SW 2-3 11-111 1 
1897 September 25 l:OOpm Olamon Penobscot VI-Vil 2 
1897 September 25 PM Old Town Penobscot 3 IV-V 4 
1897 September 25 l :OOpm Bangor Penobscot VI 4 
1897 September 25 l:OOpm Bar Harbor Hancock E-W V-VI 5 
1897 September 25 l:OOpm Belfast Waldo NE-SW IV-V 6 
1897 September 25 1:05 pm Ellsworth Hancock IV 12 
1897 September 25 1:05 pm Northport Waldo 45 7 
1897 September 25 Farmington Franklin NE-SW 5 7 
1897 September 25 l:OOpm Waterville Kennebec N-S 7, 14 
1897 September 25 l:OOpm Bangor/Brewer Penobscot N-S 45-60 IV 2.4 
1897 September 25 1:40pm Machias Washington several 15 

seconds 
*1 897 September 30 l:OOpm Calais Washington 2-3 IV 9 

1898 August 14 3:00 am Oak Point New Brunswick 35 
#1898 September 17 10:54 am Belfast Penobscot (2 aftershocks: 11 sec. and 45 sec. later) 7 

1899 October 5 6:30am Wiscasset Lincoln IV 32 

APPENDIX C. KNOWN MAINE EARTHQUAKES RANKED BY MODIFIED MERCALLI INTENSITY 
(Attribution by C. Fox and D. Smith) 

Duration Mercalli 
Year Date Time Locality Direction (sec) Intensity 

1638 June I Coast E-W 240 vu 
1755 November 18 6:11 am Falmouth NW-SE 240 VII 
1727 Octobcr 29 10:30am S. Coast NW-SE 120 VI-VII 
1732 September 16 Kittery VI-VII 
1857 December23 2:00pm Maine VI-VII 
1755 November 17 4: 15am S. Coast 120 VI-VI 
1860 October 17 6:00am Maine and N.B. N-S 50-60 V-VI 
1821 May 5 7:30 am Bangor NW-SE 20 v 
1855 February 8 6:30 am N. Coast and N. 90 v 
1869 Octobcr 22 5:45 am Maine and N.B. NE-SW 15-60 IV-VII 
1801 March I 3:30 pm Kittery NW-SE 30 IV-V 
1881 July 3 1 9:45 pm . Bangor N-S 20 IV-V 
1882 December 19 5:24 pm S. Coast W-E 8-10 IV-V 
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Contriburion ro earrhquake hisrory of Maine 

APPENDIX C. CONTINUED. 

Duration Mercalli 
Year Date Time Local ity Direction (sec) Intensity 

1761 March 12 2: 15am Falmouth IV 
1769 October 19 5:00 pm Falmouth IV 
1808 June 26 2:30am Pon land IV 
1817 May22 3:05 am Maine SW-NE 60 IV 
1823 June 10 I 1:50am Bangor W-E 20-60 IV 
1824 July 9 9:15 pm Eastpon IV 
1825 June 19 10:33 pm Paris WSW-ENE IV 
1829 August 27 IO:OOpm Belfast JV 
185 1 January 3 11:45 pm Belfast W-N 15 JV 
1853 July 17 10:30am Portland IV 
1855 February 9 6:45 am St. John IV 
1855 February 18 6:00am Maine IV 
1857 October 31 7:40 am Belfast IV 
1857 December 8 8:00 pm Bangor IV 
1869 October22 5: 15 am Portland 30 IV 
1870 March 17 1 l:OOam St. John IV 
1874 February 27 !0:45 pm N. Coast and N. JV 
1877 February 18 2:20 pm Portland IV 
1882 December31 PM Machias JV 
1882 December 31 9:30pm Mid-N. Coast NE-SW IV 
1883 January I 5:00 am Machias IV 
1888 July 21 PM Winthrop JV 
1888 August 14 PM Bar Harbor 30 IV 
1888 August 15 8:20 pm Central Interior 30 IV 
1897 January 26 I 1:30am Machias 30 IV 
1897 September 30 l:OOpm Calais 2-3 IV 
1899 October 5 6:30 am Wiscasset IV 
1870 October 20 I 1:40am Maine and N.B. NE-SW 2-40 III-Vil 
1897 September 25 l :OO pm N. and Central Int. NE-SW 2-3 111-V 
1766 December 28 6:40 pm Kittery Ill-IV 
1807 February 25 1:40pm Kittery NE-SW 30 III-IV 
1810 November9 9:00pm Kittery W-E III-IV 
1814 November28 7:16pm S. Coast S-N 40 III-I V 
1851 January 30 5:30pm Calais so JU-IV 
1757 July 14 2:00 pm Kittery [(( 

1759 February 2 2: 15 am Kittery III 
1760 February 3 3:00am Kittery Ill 
1761 Oetober30 8:00pm Kittery III 
1766 January 23 5:00 am Falmouth Ill 
1768 June 20 1:30pm Kittery III 
1774 August 16 4:00pm Kittery Ill 
1786 January 2 7:00 am S. Coast and Int. Ill 
1786 January 2 7:30am Kittery Ill 
1808 February 22 1:40 pm Pon land NE-SW 30 Ill 
1817 October 2 11:55 am Kittery Ill 
186 1 January 25 5:45 am Steuben 60 Ill 
1873 February 22 7:25 am Eastpon Ill 
1873 February 22 7:30 am St. George Ill 
1874 February 12 6:30 am Saco III 
1876 Novcmber20 12:40 pm N. Coast 30 Ill 
1884 January 26 Rothesay 111 
1896 March 22 7:56 am N. Coast and N. 4-5 III 
1896 March 22 8:30 pm N. Coast and N. 55 III 
1764 September 30 12:00 noon St. John Il-11 1 
1764 November 14 12:00pm Falmouth ll-111 
1771 March 3 5:00am Kittery 11-111 
1806 June 18 7:30am Pon land II-III 
1766 January 24 Falmouth II 

147 



D. C. Smith and others 

APPENDIX D. MODIFIED MERCALLI INTENSITY SCALE OF 1931 (UNABRJDGED) 

I. Not felt - or, except rarely, under especially favorable circumstances. Under 
cenain conditions, at and outside the boundary of the area in which a great shock 
is felt: sometimes birds, animals. reponed uneasy or disturbed; sometimes 
dizziness or nausea experienced: sometimes trees, structures. liquids, bodies of 
water, may sway - doors may swing, very slowly. 

II. Felt indoors by few, especially on upper floors, or by sensitive or nervous 
persons. Also, as in grade 1, but often more noticeably: sometimes hanging 
objects may swing, especially where delicately suspended: sometimes trees, 
structures, liquids, bodies of water, may sway, doors may swing. very slowly; 
sometimes birds, animals, reponed uneasy or disturbed: sometimes dizziness or 
nausea experienced. 

Ill. Felt indoors by several. motion usually rapid vibration. Sometimes not 
recognized to be an eanhquake at fi rst. Duration estimated in some cases. 
Vibration like that due to passing oflight, orlightly loaded trucks, or heavy trucks 
some distance away. Hanging objects may swing slightly. Movements may be 
appreciable on upper levels of tall structures. Rocked standing motor cars 
slightly. 

IV. Felt indoors by many, outdoors by few. Awakened few, especially light 
sleepers. Frightened no one. unless apprehensive from previous experience. 
Vibration like that due to passing of heavy. or heavily loaded trucks. Sensation 
like heavy body striking building, or falling of heavy objects inside. Rattling of 
dishes, windows, doors; glassware and crockery clink and cla5h. Creaking of 
walls, frame, especially in the upper range of this grade. Hanging objects swung, 
in numerous instances. Disturbed liquids in open vessels slightly. Rocked 
standing motor cars noticeably. 

V. Fe lt indoors by practically all. outdoors by many or most: outdoors direction 
estimated. Awakened many, or most. Frightened few - slight excitement, a few 
ran outdoors. Buildings trembled throughout. Broke d ishes, gla5sware, to some 
extent. Cracked windows - in some cases, but not generally. Ovenumed vases, 
small or unstable objects, in many instances, with occasional fall. Hanging 
objects, doors, swing generally or considerably. Knocked pictures against walls, 
or swung them out of place. Opened or closed doors, shutters abruptly. Pen
dulum clocks stopped, staned, or ran fast, or slow. Moved small objects, 
furnishings, the latter to slight extent. Spi lled liquids in small amounts from 
well-filled open containers. Trees, bushes, shaken s lightly. 

VI. Felt by all, indoors and outdoors. Frightened many, excitment general, some 
alarm, many ran outdoors. Awakened all. Persons made to move unsteadily. 
Trees. bushes, shaken slightly to moderately. Liquid set in strong motion. Small 
bells rang - church, chapel, school, etc. Damage slight in poorly built buildings. 
Fall of plaster in small amount. Cracked plaster somewhat, especially fi ne cracks 
in chimneys in some instances. Broke dishes, glassware, in considerable quan
tity, also some windows. Fall of knickknacks, books, pictures. Ovenurned 
furniture in many instances. Moved furnishings of moderately heavy kind. 

VII. Frighte ned all - general alarm, all ran outdoors. Some. or many, found it 
difficult to stand. Noticed by persons driving motor cars. Trees and bushes 
shaken moderately to strongly. Waves on ponds, lakes, and running water. 
Water lurbid from mud stirred up. lncaving to some extent of sand or gravel 
streambanks. Rang large church bells, etc. Suspended objects made to quiver. 
Damage negligible in buildings of good design and construction. s light to 
moderate in poorly built or badly designed buildings, adobe houses. old walls 
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(especially where laid up without monar). spires, etc. Cracked chimneys to 
considerable extent, walls to some extent. Fall of pla5ter in considerable to large 
amount, also some stucco. Broke numerous windows, furniture to some extent. 
Shook down loosened brickwork and tiles. Broke weak chimneys at the roofline 
(sometimes damaging roofs). Fall of cornices from towers and high buildings. 
Dislodged bricks and stones. Overturned heavy furniture, with damage from 
breaking. Damage considerable to concrete irrigation ditches. 

VIII. Fright general - alarm approaches panic. Disturbed persons driving motor 
cars. Trees shaken strongly- branches, trunks. broken off, especially palm trees. 
Ejected sand and mud in small amounts. Changes: temporary, permanent; in 
flow of springs and wells; dry wells renewed flow; in temperature of spring and 
well waters. Damage slight in structures (brick) built especially to withstand 
eanhquakes. Considerable in ordinary substantial buildings, panial collapse: 
threw out panel walls in frame structures. broke off decayed piling. Fall of walls. 
Cracked, broke, solid stone walls seriously. Wet ground to some extent, also 
ground on steep slopes. Twisting. fall, of chimneys, columns, monuments, also 
factory stacks. towers. Moved conspicuously. ovenurned. very heavy furniture. 

IX. Panic general. Cracked ground conspicuously. Damage considerable in 
(masonry) structures built especially to withstand eanhquakes: threw out of 
plumb some wood-frame houses built especially to withstand eanhquakes; great 
in substantial (masonry) buildings, some collapse in large part: or wholly shifted 
frame buildings off foundations. racked frames; serious to reservoirs; under
ground pipes sometimes broken. 

X. Cracked ground, especially where loose and wet, up to widths of several 
inches; fissu res up to a yard in width ran parallel to canal and streambanks. 
Landslides considerable from riverbanks and steep coasts. Shifted sand and mud 
horizontally on beaches and fla t land. Changed level of water in well s. Threw 
water on banks of canals, lakes, rivers. etc. Damage serious to structures and 
bridges. some destroyed. Developed dangerous cracks in excellent brick walls. 
Destroyed most masonry and frame structures, also their foundations. Bent 
railroad rails slightly. Tore apan, or crushed endwise, pipelines buried in eanh. 
Open cracks and broad wavy folds in cement pavements and asphalt road 
surfaces. 

XI. Disturbances in ground many and widespread, varying with ground material. 
Broad fissures, eanh slumps, and land slips in soft, wet ground. Ejected water 
in large amounts charged with sand and mud. Caused seawaves ("tidal" waves) 
of significant magnitude. Damage severe to woodframe structures, especially 
near shock centers. Great to dams. dikes, embankments, often for long distances. 
Few, if any, (masonry) structures remained standing. Destroyed large well-built 
bridges by the wrecking of supponing piers, or pillars. Affected yielding wooden 
bridges less. Bent railroad rails greatly, and thrust them endwise. Put pipelines 
buried in eanh completely out of service. 

XII. Damage total - practically all works of construction damaged greatly or 
destroyed. Disturbances in ground great and varied, numerous shearing cracks. 
Landslides, falls of rock of s ignificant character, slumping of riverbanks, etc., 
numerous and extensive. Wrenched loose, tore off, large rock masses. Fault 
slips in firm rock, with notable horizontal and venical offset displacements. 
Water channels, surface and underground, disturbed and modified greatly. 
Dammed lakes, produced waterfalls, deflected rivers, etc. Waves seen on ground 
surfaces (actually seen, probably. in some cases). Distoned lines of s ight and 
level. Threw objects upward into the air. 



Maine Geological Survey 
Neo1cc1onics of Maine 

1989 

Postglacial Bedrock Faulting in Maine 

Donaldson Koons 
Department of Geology 

Colby College 
Waterville, Maine 04901 

ABSTRACT 

Small faults offsetting glacially striated bedrock surfaces have been reported from Maine and elsewhere in 
northeastern North America by many workers since 1894. This study brings together information on postglacial 
faults in Maine that have been mentioned in geologic literature, and other faults reported to the author by recent 
workers. All of the faults which could be located in the field occur within layered rocks; and they are oriented 
parallel to bedding, schistosity, or joint systems. No systematic orientation with respect to a regional stress field is 
apparent. The faults examined may all be the result of frost heaving or glaciotectonic effects. Other tectonic forces 
may be involved in producing the postglacial faults, but there is no indication that these forces are required. 

INTRODUCTION 

Minor rock movements defined by offsets of features such 
as grooves and striations on glacially abraded bedrock surfaces 
have been reported in Maine and northeastern North America for 
many years (Barosh, 1976; Boone, 1979; Hodgson, 1970; Law
son, 1911 ; Matthew, 1894; Newman, 1979; Oliver and others, 
1970; Rand, 1976; Rand and Gerber, 1976; Rast and others, 
1979; Sbar and Sykes, 1975; Stein and others. 1979; Thompson, 
1981 ; York and Oliver, 1976). In addi tion to the cases reported 
in the literature, a number of other occurrences were identified 
by recent workers in Maine, in personal communications 
responding to inquiries made in connection with this study. 1 All 
known occurrences are listed in Table I. It was the purpose of 
this study to bring together these reports, both published and 
unpublished, to visit as many of the reported sites in Maine as 
possible, and to determine the ex tent to which tectonic, 
glaciotectonic, or other forces may have been involved in 
generating the apparent postglacial faults. 

The local ions of the sites reported to the author are indicated 
on the map of Maine (Figure I), which also displays the general 

' Respondents include: G. Boone: T. Brewer; J. Briggs; D. Caldwell: 0. Gates: N. Hatch: 
M. Loiselle; A. Ludman: D. Newberg: R. Neuman: S. Pollock; J . Rand: W. Thompson. 

lithologic characteristics of Maine bedrock, including the dis
tribution of sedimentary and metasedimentary rocks such as 
shales, slates, greywackes, schists, and the more massive 
plutonic rocks. (The site numbers in both Figure I and the text 
correspond to the numbers in Table I.) It is apparent that 
reported occurrences of postglacial faults are restricted to the 
former types of rocks, particularly those of Units 2 and 3 on 
Figure I. An example of faulting in this type of bedrock is shown 
in Figure 2. 

Most of the faults exhibit small displacements, commonly 
in the range of 0.5 to 1.5 cm. The surfaces along which move
ment has taken place are usually vertical or nearly vertical, and 
parallel to the dominant structure of the outcrop, which may be 
bedding, slaty cleavage, or schistosity. The lateral extent of the 
faults may be from one to more than 16 m. Movement is 
generally dip-slip, though a strike-slip component may be 
present. Slickensides are not visible. There may be several 
parallel offsets at a single outcrop, and there may be cross-faults 
between adjacent parallel or sub-parallel faults. The only known 
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TABLE I 

No. Quadrangle Town Coordinates Formation' Reported by 

I York Beach 7.5' York 43°12.5N, 70°35.5W Diabase dike in SZk - Kittery Fm Rand 1976 
2 Portland East 7.S' Falmouth 43°43.6N, 70° t4.35W Pegmatite in SOv - Vassalboro Fm Rand perscomm 
3 Castine 15' Searsport 44°26.16N, 68°52.86W OCp - Penobscot Fm Rand, Gerber 1976 
4 Orrs Island 7 .S' Harpswell 43°48.5N, 69°S3.37W OZce - Cape Elizabeth Fm Rand 
5 Somersworth NH 7.5' North Berwick 43°22.23N, 70°44.75W DSra - Rindgemere xenolith Rand, Hussey 1976 
6 Amity 15' Orient 45°47.42N, 67°53.0W OCus - Unnamed sediment Brewer perscomm 
7 Passadumkeag IS ' Howland 45°14.13N. 68°40.0W SOv - Vassalboro Fm Newberg perscomm 
8 The Forks 15' East Moxie Twp 45°2l.75N, 69°S2.25W Dem - Carrabassett Fm Hatch perscomm 
9 Bingham 15' Concord Twp 45°00.5N, 69°59.0W Ssf - Smalls Fall s Fm Boone 1979 
10 Boyd Lake I 5' Omeville 45°1 I.ON, 68°53.5W DSm - Madrid Fm Caldwell perscomm 
II Bingham 15' Concord Twp 45°03.0N, 69°53.17W Ssf - Smalls Falls Fm Caldwell perscomm 
12 Ragged Lake I 5' T2R l3. WELS 45°22.5N, 69° 18.0W Ds - Seboomook Fm Caldwell perscomm 
13 Farmington 7.5' Farmington 44°42.0N, 70° 10.7W Dsd - Day Mtn Mem Seboomook Fm Caldwell perscomm 
14 Bucksport 15' Orrington 44°03.08N, 68°49.0W DOb - Bucksport Fm Thompson 1981 
15 Bucksport 15' Orrington 44°42.92N, 68°49.0W DOb - Bucksport Fm Thompson 1981 
16 Big Lake 15' T27ED 45°05.33N. 67°42.5W DOf - Flume Ridge Fm Thompson 1981 
17 Big Lake 15 ' T27ED 45°05. IN, 67°44.73W DOf - Flume Ridge Fm Thompson 1981 
18 Big Lake 15' Grand Lake Strm 45°l t.83N, 67°44.0W DOf - Flume Ridge Fm Thompson 198 1 
19 Kellyland 15 ' Dyer Twp 45°21.5N, 67°27.83W DOf - Flume Ridge Fm Thompson 198 1 
20 Schoodic 15 ' Lakeview Pit 45°24.33N, 68°48.8W De - Carrabasset Fm Loiselle perscomm 
21 New Sharon 7.5' Industry 44°43.0N, 70°0t.83W Ss - Sangerville Fm Boone pers comm 
22 Boothbay 15 ' Georgetown 43°48.83N, 69°43.25W OZce - Cape Elizabeth Fm Rand perscomm 
23 Fish River Lake 15 · Tl3 R9WELS 46°48.45N, 68°50.6W Ds - Seboomook Fm Thompson perscomm 
24 Allagash Falls 15' T l5Rll WELS 46°59.85N, 69° 12.0W Ds - Seboomook Fm Lowell perscomm 
25 Allagash Falls 15' Tl4R IOWELS 46°55.6N, 69°00.5W Ds - Seboomook Fm Lowell perscomm 
26 Allagash Falls 15' T l3Rll WELS 46°45.17N, 69°09.8W Ds - Seboomook Fm Lowell perscomm 
27 Allagash Falls 15' Tl5Rll WELS 46°59. 15N, 69°09.25W Dsup - Unnamed pelitc, Seboomook Fm Lowell perscomm 
28 Allagash 15' Allagash Pit 47°01.38N, 69° 1 l.75W Ds - Seboomook Fm Lowell perscomm 
29 Allagash 15' Allagash Plt 47°01.45N, 69°09.25W Ds - Seboomook Fm Lowell perscomm 
30 Allagash 15' Allagash Plt 47°03.02N, 69° 10.37W Ds - Seboomook Fm Lowell perscomm 
31 Allagash 15 ' Allagash Pit 47°02.83N, 69°02.25W Dsup - Unnamed pelite, Seboomook Fm Lowell perscomm 
32 Caucomgomoc Lake I 5' T5Rl4 WELS 46°07.5N, 69°20.5W Ds - Seboomook Fm Lowell perscomm 
33 Caucomgomoc Lake I 5' T5 Rl5 WELS 46°04.13N, 69°22.5W Ds - Seboomook Fm Lowell pers comm 
34 Caucomgomoc Lake 15' Russell Pond 46°02.5N, 68°59.75W SOf - Frontenac Fm Lowell perscomm 
35 Clayton Lake 15 ' Tll Rl4WELS 46°35.93N, 69°30.25W Dsup - Unnamed petite, Seboomook Fm Lowell perscomm 
36 Fish River Lake 15' Tl 3 R9WELS 46°48.8N, 68°5 1.0W Ds - Seboomook Fm Lowell perscomm 
37 Mooseleuk Lake 15' TIOR9WELS 46°32.5N, 68°55.0W OCcb - Chase Brook Fm Lowell perscomm 
38 Musquacook Lakes 15' Tl2R12WELS 47°43.78N, 69° t4.25W Ds - Seboomook Fm Lowell pers comm 
39 Musquacook Lakes 15 ' Tl I RIOWELS 46°38.27N, 69°0 1.0W Ds - Seboomook Fm Lowell perscomm 
40 Norris Brook 15' n R l9WELS 46° 12.58N, 70°13.5W Ds - Seboomook Fm Lowell perscomm 
4 1 Norris Brook I 5 · Dole Brook 46°00.18N, 70°t2.5W Ds - Seboomook Fm Lowell perscomm 
42 Rocky Mtn 15 ' Tl5Rl2WELS 47°00.43N, 69°20.25W Ds - Seboomook Fm Lowell perscomm 
43 Round Pond 15' Tl3Rl2WELS 46°46.8N, 69° 16.75W Ds - Seboomook Fm Lowell perscomm 
44 Round Pond 15' Tl5 Rl3 WELS 46°55.43N, 69°23.05W Ds - Seboomook Fm Lowell perscomm 
45 Round Pond 15 ' Tl3 Rl3 WELS 46°48.35N, 69°21 .W Ds - Seboomook Fm Lowell perscomm 
46 Seboomook Lake 15' Seboomook 45°58. IN, 69°03.0W SOf - Frontenac Fm Lowell perscomm 
47 Seboomook Lake I 5' Pittston Acad. 45°55.7N, 69°1 l.75W SOf - Frontenac Fm Lowell perscomm 
48 Seven Islands 15' Tl4 R l5 WELS 46°54.1 3N, 69°41.0W Sfm - Five Mile Brook Fm Lowe ll perscomm 
49 Seven Islands 15' Tl4R l4 WELS 46°52.25N, 69°3 1.0W Ds - Seboomook Fm Lowell perscomm 
50 Seven ls lands 15' Tl4 R l5 WELS 46°50.77N. 69°36.0W Ds - Seboomook Fm Lowell pcrscomm 
5 1 Umsaskis Lake 15 ' Tit Rl4WELS 46°35.6N. 69°29.75W Ds - Seboomook Fm Lowell perscomm 
52 Umsaskis Lake 15 ' Tl I Rl3 WELS 46°37.4N, 69°26.75W Ds - Seboomook Fm Lowell perscomm 
53 Umsaskis Lake 15' TIORl2 WELS 46°35.28N, 69° J6.25W Ds - Seboomook Fm Lowell perscomm 
54 Depot Lake I 5' Tl4Rl6WELS 46°50.35N, 69°47.5W Odmp - Depot Mtn Fm Lowell perscomm 
55 Anson 15" Lexington Twp 44°59.83N, 69°59.72W Sp - Perry Mtn Fm Briggs perscomm 
56 Millinocket 15' Medway 1-95, Mile 232.5 Dsm - Mt. Blue Mem Seboomook Fm Koons this rept 

1 Formations from Osberg and others, 1985 
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Postglacia/ bedrock faulting in Maine 

MAP 
UNIT 

6 

5 

4 

3 

2 

Ordovician 10 Cretaceous igneous rocks 

Post-orogenic Devonian sedimentary rocks 

Upper Precambrian (?) 10 Silurian rocks 
of the Merrimack Trough 

Silurian lo Lower Devonian rocks of the 
Coastal Volcanic Belt 

Middle Ordovician to Middle Devonian rocks 
of central and northern Maine 

Upper Precambrian to Middle Ordovician 
s1ra1ihed rocks 

Precambrian Chain Lakes Massif 

Fault 

Figure I. Map showing locations of reported postglacial faults. Numbers correspond to Table I. Geology from Loiselle and 
Thompson ( 1987) modified from Osberg and others ( 1985). 
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Figure 2. Postglacial offsets in glacially striated Flume Ridge Forma
tion at locality 17, T27ED (photo from Thompson, 1981 , p. 18). 

N 
360° 

Figure 4. Left- lateral offset (approximately 1 cm) of fracture in diabase 
dike at Wadleigh Head in York (site 1 ). Arrow is I 0-cm long and points 
north. 

1: Wadleigh Head, York; reported by J. Rand 

Glacial striations trending S55E and S45E are offset along a 
fracture striking N52E, which cuts a diabase dike trending N55E, 
intruded into the Kittery Formation. The northwest block is 
raised 0.6 to 1.3 cm. Fracture dips NW 68° to NW 72°. Stria
tions are offset about 0.3 cm in same sense along a second 

w 270° 9 0° E fracture dipping 63° SE. Both dike and host rock are extensively 
jointed (Figure 4 ) . Conclusion: offset is result of frost heaving. 

0 5 10 
I II I I I I II I I 

Number of Observations 

Figure 3. Plot of strike directions of fault planes. 

site where the postglacial faults are not parallel to the foliation 
of the bedrock is that reported by Boone( l979) near Spruce Pond 
in Concord Township (site 9, Table I). 

The structural "grain" of Maine trends approximately N45E, 
and 72% of the observed fractures fall on or very close to that 
trend (Figure 3). Where there is a departure from the regional 
trend, the faults paralle l the local structure. This is illustrated at 
Moxie Dam (site 8, described below), where the Carrabassett 
Formation is folded such that its strike differs by almost 30° 
from the regional trend. The postglacial faults at this locality are 
parallel to the local strike direction. 

DESCRIPTIONS OF REPORTED FAULTS 

Some of the postg lacial bedrock faults are described below. 
These sites can be unequivocally located in the field. Other 
occurrences reported to the author, including those which are 
obscured by logging operations, could not be reoccupied and 
thus are not dicussed here. 

152 

4: Hopkins Island, Harpswell; reported by J. Rand 

Glacial striations trending S30E are offset along N-trending 
fracture dipping 78° W, cutting foliation striking N5E in Cape 
Elizabeth Formation. West block is raised approximately 1.5 
cm. Sheeting is common. A second, similar fracture is located 
about 2 m east, parallel to the first. Conclusion: offsets resulted 
from frost heaving in extensively fractured rock. However, in 
the report of the earthquake of 15 July 1905 (Rand, 1976b), a 
Captain Wallace describes " ... a split in the ledge ... " observed the 
following day near Phippsburg, approximately 3 miles east of 
Hopkins Island; the report is otherwise unconfirmed. 

6: Orient, Amity quadrangle; reported by T. Brewer 

Glacial striations trending S2 IE appeared to be offset along 
frac ture trending N70E in unnamed sedimentary rock. Excava
tion showed that apparent fault is consequence of glacial pluck
ing along joint. 

8: Moxie Dam, East Moxie Twp; reported by N. Hatch 

Glac ial striations trending S25E are offset up to 3 cm along a 
complex of vertical fractures in Carrabassett Formation, trending 
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Figure 5. Offset in Carrabassett Formation at Moxie Dam, East Moxie 
Township (site 8). A small horst is seen in upper-center part of photo. 
Arrow points north. 

N64E. Exposed faults are up to 16 m long, and extend beneath 
the dam. Figure 5 shows two parallel fractures with uplifted 
block between, bounded by joints. Sense of displacement is 
opposite on two major fractures. Conclusion: offset was 
produced by frost heaving along fracture systems and bedding 
planes. 

9: Near Spruce Pond, Concord Twp; reported by 
G. Boone 

Boone ( 1979) reported three closely-spaced thrust faults offset
ting glacial striations in Smalls Falls Formation which strikes 
NI SE and dips 85NW. Faults trend NI OE, dip 40NW, and are 
offset about 15 cm along each fault, with the southeast sides 
raised. The locality is now concealed by forestry operations 
debris, but the description also applies to another locality located 
nearby. Displacement at this second locality is believed to result 
from frost heaving (see comments on locality 55 , Hackett Hill). 

21: Industry; reported by G. Boone 

Glacial striations trending S l 7E are offset approximately 1 cm, 
with the south side raised, along bedding surfaces in the Sanger
ville Formation, which trend N57E. Comers of bedding surfaces 
are rounded and offsets appear to predate striations. An apparent 
offset occurs along a N48W joint, but excavation showed that 
this tem1inates and may have resulted from plucking (Figure 6). 

22: Harmon Harbor, Georgetown; reported by J. Rand 

Topographic offset along several small fractures in the Cape 
Elizabeth Formation, trending N80E. Examination shows these 
to be ancient fractures, now etched out by glacial and marine 

Figure 6. Apparent offset in Sangerville Formation at Industry (site 2 1 ). 
This feature is actually the result of glacial plucking along a N48W joint. 
10-cm arrow points north. 

action. The outcrop surface does not retain striations or grooves 
in this area. 

23: Fox Brook, T13 R9 WELS; reported by T. Lowell and 
W. Thompson 

Glacial striations trending S53E are offset along bedding-plane 
fractures in the Seboomook Formation, which trend N35E, and 
along a cross-fracture trending N70E between bedding planes, 
with the northwest side raised. Cross-fracture is sharp-edged 
and terminates at bedding-plane fractures. Conclusion: dis
placement is probably the result of frost heaving, though some 
bedding-plane displacement may have resulted from expansion, 
as proposed by Lawson (1911). 

55: Hackett Hill, Lexington Twp; reported by J. Briggs 

Monolith in Perry Mountain Formation, trending N20E, dipping 
82° NW. Block is offset 2 m along schistosity/bedding planes, 
bounded by joints (Figure 7). Upper surface of monolith shows 
weathered glacial grooves trending SSOE, parallel to those on 
undisturbed adjacent outcrops. Monolith was originally 1.6 m 
wide at base, and 30 cm thick. A portion of the monolith about 
40 cm wide has broken from the main mass and now lies on the 
ground. Conclusion: this is an exceptional example of frost 
heaving as described by Yardley (1951) in the Northwest Ter
ritories, and by Washburn ( 1969) in the Mesters Vig District of 
Greenland. 

56: Mile 232.5, Route 1-95, Medway; reported by D. Koons 

Glacial striations trending S52E have been offset along bedding
plane fractures striking N40E, dipping 85NW, and by various 
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Figure 7. Hackett Hill monolith, site 55, Lexington Township. 

cross fractures. The exposure is a road cut dating from recent 
construction of Interstate Route 95. Sub-horizontal sheeting 
extends from the surface to depth of approximately 2 m. Blocks 
of bedrock have detached along the sheeting fractures and shifted 
laterally toward the road excavations, indicating that the offsets 
postdate construction. Conclusion: the offsets resulted from 
recent and continuing frost action. 

POSSIBLE CAUSES OF POSTGLACIAL FAULTS 

Matthew ( 1894) discussed exposures of many small dis
placements in layered rocks near St. John, New Brunswick and 
concluded that the observed displacements were chiefly high
angle reverse faults caused by lateral pressure from the 
southeast. Woodworth ( 1907) reported that similar high-angle 
reverse faults in the slates near Troy, New York, were also the 
result of compression from the southeast. Lawson (I 911) dis
cussed postglacial faults in Archean slates near Banning, On
tario, reported to be parallel to the bedding, and described them 
as high-angle reverse faults, with the north sides upthrown. He 
suggested that the displacements resulted from volume changes, 
perhaps as a result of release from the load of the overlying ice, 
temperature changes, or hydration. Oliver and others ( 1970) in 
their discussion of postglacial faulting in New York and Quebec 
considered possible causes to fall into three categories: (1) 
surficial phenomena, including slumping and frost action; (2) 
regional phenomena, including expansion as a result of unload-
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ing or hydration, temperature changes, or absorption of gases; 
and (3) deep-seated tectonic forces. Sbar and Sykes (1973) 
accepted the analysis by Oliver and others and concluded, fol
lowing Voight ( 1969), that the compressive stresses may be 
generated by the same mechanism that drives the large lithos
pheric plates. Rand and Gerber ( 1976) in their very detailed 
analysis of post glacial faulting on Sears Island (site 3) concluded 
that deformation resulted from glaciotectonic forces. 

It is not clear to me that the many small fractures in Maine 
and elsewhere in the Northeast are the result only of regional 
compressive stresses, or in fact, that they result from any single 
cause. Sbar and Sykes (1973) found that the greatest principal 
stress is large, nearly horizontal, and trends east to northeast in 
a large part of eastern North America. Others (Matthew, 1894; 
Woodworth, 1907; Lawson, 1911) have identified the respon
sible stresses as coming from the southeast. It is interesting that 
the area of greatest crustal instability in Maine, reported by 
Anderson and others (1984) is one in which detai led study has 
so far revealed no postglacial faults in either layered or massive 
rocks (Gates, 1984; Ludman, 1985; Newman, 1984). Evidence 
of fractures related to tectonic forces seems to be restricted to a 
few occurrences such as Grand Falls (Tyler and Leick, 1985; 
Ludman, 1985). 

All the postglacial fractures reported to me, and those cited 
by earlier investigators, occur in layered rocks. An apparent 
exception reported by Rand ( 1984) was located in pegmatite 
along Interstate Route 295 near Falmouth (site 2). Examination 
showed that the postglacial fractures originated at two shot-holes 
made during highway construction, and that subsequent move
ment resulted from frost action along these fractures. Another 
apparent exception, also reported by Rand ( 1984) as identified 
by Arthur M. Hussey II, was in a layered xenolith of the 
Rindgemere Formation within granodiorite near North Berwick 
(site 5). No displacement occurred within the host rock. 

Wherever vertical sections of a meter or more are exposed, 
in rock of any lithologic type, sheeting joints which are sub
parallel to the local topography are found. On the east side of a 
hill the sheeting dips easterly; on the west side of the same hill, 
in the same formation, the sheeting dips westerly. The presence 
of small horsts between parallel offsets, as at Moxie Dam (site 
8) and Fox Brook (site 23), the monolith at Hackett Hill (site 55), 
and the post-construction displacements along Interstate Route 
95 at mile 232.5 (site 56) and elsewhere, indicate that recent frost 
heaving is a major cause of the faults documented in this report. 
Bedrock blocks are detached vertically along steeply dipping 
bedding planes or planes of schistosity, and horizontally along 
sheeting fractures subparallel to the surface, in the manner 
described by Yardley ( 1951) and Washburn ( 1969). 

CONCLUSIONS 

The fact that all postglacial faults reported in Maine are 
restricted to layered rocks, and that alJ are parallel to the local 
bedrock strike or joint systems rather than to the pattern to be 
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expected from the regional stress field, leads me to the con
clusion that the fractures result chiefly from frost heaving or 
glaciotectonic effects in rocks broken by bedding, schistosity, 
and sheeting. Deep-seated tectonic forces may also have been 
involved, but I found no unequivocal evidence that such forces 
are required to produce the observed fault occurrences and 
distribution. 
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ABSTRACT 

Seven embayments along the Maine coast (Saco Bay, Casco Bay, Sheepscot Bay, Eggemoggin Reach, Machias 
Bay, Cobscook Bay, and Oak Bay) were surveyed for evidence of late Quaternary faulting by seismic reflection 
methods. The bays are representative of all coastal compartments in Maine, and all are located near regions of 
Paleozoic or older faults. In more than 1000 km of seismic reflection profiles one possible recent fault was resolved 
along with numerous slump and gas deposits. While one might argue that faulting triggered the slumps that were 
observed, no consistent association of slumps and faults was recognized. Slumps appear confined to the margins of 
deep channels where tidal current action, possibly in conjunction with natural gas evolution, triggers their 
occurrence. Instead of finding continuous slumping along a basin, as might be the case if faulting initiated the 
slumping, the slump deposits were widely scattered and even occurred in basins with no inferred bedrock faults. 

The possible recent fault was observed in Oak Bay, along the Canadian border. In this area of frequent seismic 
energy release tidal range is also extreme. The feature indicated as a possible fault may, thus, be a manifestation of 
current reworking of Quaternary sediment. It is significant that this area was the least well known from previous 
work and interpretation of sub bottom reflectors was often ambiguous. 

INTRODUCTION 

Although tectonic activity is not frequently associated with 
passive continental margins like northeastern North America, 
both seismic energy release and regional subsidence have been 
reported from coastal Maine (Anderson and others, 1984). 

Recent earthquakes have ranged from small to moderate (Ebel, 
1984 ), though larger shocks have historically occurred in the area 
(Smith, this volume; Nonis, 1983; Shake! and Toksoz, 1979; 
Seeber and Armbruster, 1988). The location of both historic and 
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Figure I. Location of earthquakes (1975-1981), the marine limit, and 
regions of crustal subsidence in Maine (modified from Anderson and 
others, 1984). 

contemporary earthquakes has not been randomly distributed 
across the State, but has been concentrated in a few clusters as 
well as in a band generally parallel to the coast (Figure 1). To 
date there has been no widely-accepted explanation for the origin 
of the neotectonic activity in Maine, nor any observations of 
bedrock motion or surface ruptures resulting from it. 

Numerous previous studies have attempted to locate brittle 
fractures resulting from neotectonic action (Thompson and Kel
ley, 1985). Bedrock mapping near instrumentally-detected 
earthquake epicenters (Figure 1) has revealed no recent motion 
on known Paleozoic or Mesozoic faults nor any unmapped, 
modem ruptures. This is not surprising since bedrock faults 
frequently find physiographic expression in valleys, which are 
commonly filled with late Quaternary glacial sediment and 
covered with forests (Rast and others, 1979). While numerous 
faults have been observed within late Quaternary sediment, most 
occurred penecontemporaneously with sediment deposition or 
are otherwise related to glacial movement. A few offsets of 
glacial striae on bedrock have been observed in Maine and in at 
least one location the movement may be traced into overlying 
glacial till (Thompson, 1981 ). These offsets are of very small 
scale, however, and probably due to frost action (Koons, this 
volume). In general, a paucity of terrestrial exposures of 
bedrock with overlying stratified sediment precludes detection 

158 

of postglacial faults resulting from neotectonics in Maine. A 
survey of Canadian literature (Adams, 1981) reveals evidence 
for numerous small offsets similar to those seen in Maine, but no 
large faults resulting from neotectonic action. Structures 
originating from sediment liquefaction during earthquakes 
(Thorsen, 1986; Tal wani and Cox, 1985) have not been described 
from Maine . 

Modem faults are often easier to detect in the marine or 
lacustrine environment than on land (Shilts, 1984; Larocque, 
1985). Seismic reflection profiling is a standard tool for examin
ing submarine stratigraphy and structure and is routinely 
employed by the petroleum industry to locate faults. Since 
bedrock faults are inferred to exist beneath the many embay
ments of coastal Maine, and most are covered with late Quater
nary sediment, seismic reflection profiling can both locate 
offsets within sediments overlying mapped bedrock faults, and 
provide a maximum age for the movement. The purpose of this 
report is to review seismic reflection profiles from the shallow 
marine area of Maine and to discuss evidence of neotectonic 
activity discerned from the records. 

LOCATION AND METHOD OF STUDY 

Maine straddles the northern Appalachian Mountains and 
possesses rocks ranging from Precambrian to Mesozoic in age. 
The bays comprising the study areas (Figure 2) are within the 
Avalon tectonic lithofacies zone (Williams and Hatcher, 1982). 
The bays are floored by high grade metamorphic and felsic 
plutonic rocks in the south, and low grade metamorphic and 
mafic plutonic rocks in the north (Osberg and others, 1985). 
Many faults cut the Paleozoic rocks of this region, including the 
Fundy fault which separates the northeastern part of the study 
area from an early Mesozoic rift basin to the east. On the west, 
the Norumbega Fault Zone divides rocks of the coastal area from 
a differing "suspect terrane" to the west (Williams and Hatcher, 
1982). The Norumbega Fault Zone is a part of a large system of 
faults extending both north and south of Maine (Ludman, 1986). 

Within each bay tracklines for seismic reflection profiling 
were laid out to cross faults as often as possible, as well as to 
pass over areas of no faulting for comparison. Of necessity, 
numerous shallow ledges and zones of dense lobster buoys were 
avoided. The principal seismic system used was a Raytheon 
RTT lOOOA, 3.5 kHz profiler with a 200 kHz fathometer. In 
addition, an Ocean Research Equipment Geopulse ("boomer") 
system was briefly used in some deeper areas off Saco Bay and 
Sheepscot Bay. Navigation in the outer reaches of embayments 
was by Loran C. In the inner portions of the bays, where islands 
and the mainland interfered with Loran, positioning was deter
mined by observations on the numerous buoys and islands. 

Following collection, the original record was interpreted 
and digitized by hand to a uniform 20: 1 or 50: 1 vertical exag
geration. Interpretation of the reflectors and stratigraphic units 
was based on an understanding of the Quaternary stratigraphy 
on land as aided by engineer's logs of bridge borings across local 
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Figure 2. Location of embayments in which seismic reflection profiles were collected. 
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rivers, and limited previous work (Kelley and others, l 986a,b,c; 
Belknap and others, 1986; Ostereicher, 1965; Schnitker, 1974, 
Knebel and Scanlon, 1985). The identifying characteristics of 
the major reflectors are described below following a description 
of the geological history. 

In addition to seismic reflection profiling, side scan sonar 
(EG&G Model 260 Seatloor Mapper) was locally employed to 
evaluate the extent of slump scars. This work was carried out 
two years following the seismic reflection profiling research, and 
new seismic reflection data was gathered simultaneously with 
the side scan sonar. 

LATE QUATERNARY STRATIGRAPHY OF 
COAST AL MAINE 

The major embayments of coastal Maine were probably 
carved initially by fluvial processes (Denny, 1982). Repeated 
Pleistocene glaciations have modified the bays, however, and 
removed all trace of sediment deposited prior to the Quaternary. 
Thus, the oldest unconsolidated material found in coastal Maine 
is till of presumed Wisconsinan age. Radiocarbon dating of 
shells and seaweed intimately associated with coastal moraine 
deposits suggests that melting ice reached the Maine coast 
shortly before 13,000 years ago (Stuiver and Borns, 1975). As 
the ice retreated inland from the coast, the isostatically depressed 
crust was drowned by the sea and a glaciomarine mud, the 
Presumpscot Formation, was deposited in close stratigraphic 
contact with recessional moraines (Bloom, 1963; Thompson, 
1982; Smith, 1982). Though referred to as "rock flour" or mud 
(Bloom, 1963), the Presumpscot Formation commonly posses
ses sand layers near its base, reflecting an initial high-energy 
depositional setting near melting ice (Smith, 1982). Regional 
variat ion in the thickness of the Presumpscot Formation is poorly 
known, though it is generally thicker in valleys than on hills 
(Thompson, 1979). 

The marine inundation reached its maximum in Maine, 
sometime between 13,000 and 11 ,500 BP. It is unclear if the 
drowning was a single event or a time-transgressive process. 
The location of the marine limit, or most landward position of 
the post-glacial sea, is relatively well established from surficial 
mapping of the Presumpscot Formation and associated 
glaciomarine deltas and shorelines (Figure l , Thompson and 
Borns, l 985; Thompson, this volume). On the basis of numerous 
radiocarbon dates on fossils from the Presumpscot Formation 
exposed on land, its time of deposition is bracketed between 
13,800 and 11 ,500 years before present (Smith, 1985). More 
seaward equivalents may have been deposited several thousand 
years earlier (Schnitker, 1974). 

A paucity of recognizable shoreline features cut into glacial 
sediments suggests that the sea withdrew quickly due to isostatic 
rebound following deposition of the Presumpscot Formation 
(Honig and Scon, 1986). A weathered, gullied, lag surface 
developed on the top of the Presumpscot Formation to 10 m 
depth indicated to Bloom (1963) that sea level withdrew well 
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below its present elevation at a time of maximum emergence. 
The unconformity on the Presumpscot Formation surface is very 
recognizable on seismic reflection profiles when it is overlain by 
modem muds (Knebel and Scanlon, 1985; Kelley and others, 
1986, I 987a,b; Belknap and others, 1986) and the sea level 
lowstand has been recognized to depths of almost 50 m offshore 
of Massachusetts and New Hampshire (Oldale, 1985) and 65 m 
off Maine (Schnitker, 1974; Kelley and others, 1986; Belknap 
and others, 1986). As with the marine limit there are no dates on 
the time of maximum emergence, and, at present, no indication 
if it occurred simultaneously across the Maine coast. 

Eustatic sea level continued to rise during. the post
Presumpscot Formation regression, but at a slower rate than 
crustal rebound. At the time of maximum emergence the rates 
of crustal uplift and sea level rise coincided (probably briefly), 
and erosion of the emerged seafloor probably occurred. The 
only record for this period includes extensive bare rock off many 
embayments in the 40-50 m depth range, and shorelines cut into 
eroded remnants of the Presumpscot Formation (Kelley and 
Kelley, 1985; Shipp, 1985; Kelley and others, I 986a,b,c ). 

After the period of rapid relative sea level rise, slower 
drowning took place. Radiocarbon dates on basal salt marsh peat 
place local sea level at -4 m about 4,000 years ago (Belknap and 
others, this volume). Erosion of previously deposited materials 
has accompanied the rise of the ocean to the present time 
(Anderson and others, 1984 ). During the modem transgression 
gullies cut into the Presumpscot Formation have filled with 
Holocene sediments and locally generated natural gas (Kelley 
and others, I 986a,c). 

In summary, the Quaternary stratigraphic column in coastal 
Maine is relatively simple (Figure 3). Glacial till (Figure 3a) 
overlies polished, striated bedrock and is itself conformably 
overlain by the Presumpscot Formation (Figure 3b ). The surface 
of the Presumpscot Formation is locally gullied and oxidized 
(Figure 3c), and is unconformably overlain by modem mud and 
sand offshore, and peat onshore (Figure 3d). Modem artificial 
fi ll (Figure 3e) occasionally forms the present surface, and in 
valleys cut into the Presumpscot Formation, natural gas deposits 
are occasionally recognized. 

SEISMIC STRATIGRAPHIC UNITS 

On the basis of terrestrial surficial mapping (Thompson and 
Borns, 1985), bridge borings in estuarine regions, previous seis
mic reflection profiling offshore (Ostereicher, 1965; Schnitker, 
1974; Knebel and Scanlon, 1985; Kelley and others, 1986, 
l 987a,b; Belknap and others, 1986, 1987), and characteristic 
acoustic returns during this project, four stratigraphic uni ts are 
defined for inshore Maine. The terminology for describing these 
units is related to that of Knebel and Scanlon ( 1985). 

A) Bedrock (Pz, Knebel and Scanlon, 1985): The deepest 
reflector recognized on the Geopulse profiles and most of the 
Raytheon profiles is interpreted as the surface of Paleozoic (or 
older) bedrock (Figure 4). Bedrock was usually traceable from 
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observed outcrops on land; and, depending on the vertical exag
geration, the surface of the rock ranged in appearance from very 
spikey to rounded. The bedrock reflector possessed relief rang
ing from less than 5 m to greater than 20 m over hundreds of 
meters horizontally. When bedrock was overlain by a deposit of 
till it was often difficult to discern the rock surface. No internal 
reflectors were ever observed within the bedrock. 

8) Till (Qdu, Knebel and Scanlon, 1985): Unconfonnably 
overlying bedrock in many places is a unit possessing highly 
irregular thickness and few internal reflectors, which is inter
preted as Wisconsinan till (Figure 4 ). As mentioned above it was 
occasionally difficult to pinpoint the contact between till and 
bedrock , although the upper surface of the till was usually very 
spikey and distinct (Figure 4a). The till surface possessed relief 
from 5-10 m over hundreds of meters horizontally. Most till 
occurred as thin deposits on the flanks of bedrock ridges or in 
small basins. Occasionally till was observed as a moraine more 
than 5 m thick and traceable onto land (Figure 4a,c). 

C) Presumpscot Fonnation (Qp, Knebel and Scanlon, 
1985): Overlying the till is a well stratified unit that is very 
common in each embayment studied (Figure 5). This unit is 
inferred to be the offshore equivalent of the Presumpscot Forma
tion. It possesses reflectors near its base that drape over the till 
or bedrock beneath it. The reflectors are either closely spaced 
layers of differing acoustic impedance, or represent an inter-

Figure 3. A photograph of an eroding bluff in Jonesport, Maine with 
an interpretation of the geology corresponding to the leners included in 
the text. The bluff is 4 m high. 

ference phenomenon. Near the top of the unit, which ranges 
from 5 to more than 25 m in thickness over short distances, the 
internal reflectors are more widely spaced and are subhorizontal. 
The (unconformable) surface of the Presumpscot Formation is 
usually very distinct and flat , although locally several closely 
spaced reflectors may be discerned on the Raytheon records 
(Figure 5a,b). Occasionally the surface reflector of the 
Presumpscot Formation has a channel form and sometimes 
disappears beneath natural gas wipeout areas (Figure 5b ). Relief 
on the surface of the Presumpscot Formation is typically less 
than 3 m except near channels. 

D) Holocene (Qh, Knebel and Scanlon, 1985): All material 
above the unconformity at the surface of the Presumpscot For
mation is considered Holocene. The Holocene unit varies from 
acoustically transparent mud or mud with dipping reflectors 
(Figure 5b) to acoustically impenetrable sands (Figure 6a). The 
seafloor, or surface of the Holocene, is usually flat (Figure 5a), 
although in less than I 0 m of water channels are common (Figure 
5b). Within acoustically transparent muds, and usually overly
ing gull ies in the Presumpscot Formation, Holocene natural gas 
commonly obscures the underlying record (Figure 5d). The gas 
presents a broad, d ist inctive, concave-down reflector whose 
presence has been verified by coring (Schnitker, 1974). No gas 
has been observed in areas of sandy surficial sediment (Kelley 
and others, 1986, 1987a,b). 

CRITERIA FOR THE RECOGNITION OF FAULTS 

Unambiguous recognition of late Quaternary faulting in 
Maine's coastal sediments is not so readily obtained as one might 
theoretically infer. Ideally, a seismic profile normal to an active 
bedrock fault would display a valley along the trace of the fault 
line, and offset reflectors associated with the contacts between 
seismic units. While a faulted contact between bedrock and till 
or till and glaciomarine sediment might be difficult to recognize 
from the irregular relationship the units usually display with 
respect to one another, a vertical offset of the flat, unconformable 
surface of the glaciomarine sediment, or of a smooth seafloor 
should be readily discerned if the fault experienced dip-slip 
motion. If the fault were strike-slip, however, offset reflectors 
would not likely be recognized. Similarly, if the throw of the 
fault was less than the resolution of the seismic devices (one 
meter), or simply disturbed the layering of the sediment (Daven
port and Ringrose, 1987), the fault might not be positively 
confirmed. 

In locations where Quaternary sediment rests on a slope, 
slumping might accompany faulting, or occur independently of 
seismic energy release (Shilts, 1984). Although the slump 
deposit or block might be recognized as an anomalous bump on 
the seatloor, the seismic record would be ambiguous with respect 
to faulting. Similarly, natural gas might be released by the strong 
motion of an earthquake (Field and others, 1982; Field and 
Jennings, 1987), and obscure the crucial contacts between seis
mic units if it were trapped by Holocene mud. In these instances, 
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Figure 5. Typical seismic signatures from Casco Bay. (A) Arrow indicates inferred unconformity on surface of the Presumpscot 
Formation. The acoustically transparent mud beneath this surface possesses reflectors which drape the lowest strong reflectors, which 
are bedrock. Holocene mud rests above the Presumpscot Formation. (B) Arrow points to inferred unconformity al surface of 
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seafloor as well as the surface of the Presumpscot Formation appear offset. Arrow points to steep slope of possible slump block. 
(D) Arrows point to bulges of Holocene muds with natural gas beneath them. Horizontal lines are I m apart. 
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side scan sonar would be useful to recognize slumped blocks or 
gas-escape pits (Field and others, 1982; Field and Jennings. 
1987), but the origin of the disturbance could not clearly be 
determined by remote sensing alone. 

On the basis of the problems involved in unambiguously 
recognizing modern faults, several classes of observations may 
be anticipated from coastal Maine. A dip-slip fault with offset 
reflectors and a seafloor rupture would be the clearest sign of 
modern seismic activity. Slump blocks or seafloor pits with or 
without natural gas would be very ambiguous indicators of 
contemporary faulting and deserve a follow-up study involving 
coring. An undisturbed stratigraphic record could indicate an 

aseismic region, but the possibility of strike-slip motion could 
not be ruled out. 

MARINE GEOLOGY OF CASCO BAY 

Geological Setting 

Bounded by Cape Elizabeth to the southeast, Bailey Island 
to the northeast. and the Greater Portland area on the mainland 
to the west, Casco Bay occupies about 450 km2 and is the first 
large coastal reentrant north of Boston (Figure 7). The geometry 
of the bay is determined by the northeast strike of steeply-dip-
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ping rocks belonging to the Casco Bay Group (Hussey, 1981; 
this volume). These rocks are of uncertain but probable lower 
Paleozoic age, and consist of complexly folded and faulted 
metasedimentary and metavolcanic rocks. 

Faults mapped within the bay are poorly exposed on land 
and often inferred to exist on the basis of stratigraphic relations 
and offset metamorphic isograds (Hussey, 1981 ). The faults 
within the bay possess strike and dip slip components and are 
generally part of the Norumbega Fault Zone, which may be 
traced from Massachusetts to New Brunswick (Hussey, 1981; 
Osberg and others, 1985). 

On the basis of bathymetry, Casco Bay may be subdivided 
into three regions: Inner, Central, and Outer (Figure 8). The 
Inner Bay includes estuaries of the major rivers which enter the 
bay and extensive intertidal embayments in the northeast. This 
area has broad intertidal and shallow subtidal flats dissected by 
tidal currents. The Central Bay includes the shallow subtidal 
area landward of a major chain of islands dissecting the bay from 
southwest to northeast. Depths here are less than 10 m except 
where deep channels enter from the Outer Bay. The Outer Bay 
extends seaward to West Cod Ledge, a shallow ridge extending 
from Cape Elizabeth to Bailey Island. Depths in the Outer Bay 
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Figure 9. Cross sections drawn from bridge borings across the Fore and Cousins Rivers (Upson and Spencer, 1964, Maine State 
Highway Comm., 1948; Maine Department of Transportation, 1969, 1983). 

average about 40 m with a maximum depth of about 70 m. 
Because of the natural geomorphic division by bedrock islands, 
Belknap and others ( 1987) have termed Casco Bay a strike-nor
mal embayment. 

Quaternary Stratigraphy of Casco Bay 

Because of their shallow depth and abundant natural gas, 
the inner estuarine regions of Casco Bay yielded poor seismic 

records. Engineer's logs of bridge borings commonly reveal 
more than 20 m of till overlain by 30 m of Presumpscot Forma
tion sand and mud in the Fore and Cousins River estuaries 
(Figure 9). Hay (1988) used vibracores to evaluate the Quater
nary stratigraphy of parts of Casco Bay. Holocene mud flat and 
marsh sediment ranging in thickness from 5 to I 0 m caps the 
thick Quaternary stratigraphic column blocking these deep 
bedrock valleys. In light of the insignificant discharge of the 
Fore and Cousins Rivers and their deep bedrock valleys, they are 
clearly underfit streams. In contrast, the Presumpscot and Royal 
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Rivers, which are the major streams of the bay, pass over 
waterfalls within a kilometer of the sea and testify to the locally 
deranged nature of Casco Bay's drainage (Figure 8). 

Interpretation of seismic reflection profiles from the Central 
Bay indicates a generally thinner Quaternary stratigraphic sec
tion than in the estuaries. In a part of the Central Bay shielded 
from the open ocean by islands (Figure IOa) a typical seismic 
profile normal to the bedrock strike reveals no reflectors resem
bling till (possibly due to a lack of penetration to bedrock), but 
an extremely well layered unit, interpreted as the Presumpscot 
Formation, is draped over bedrock. At the top of this unit 
reflectors are more gently dipping and are capped by a strong, 
flat reflector. This upper reflector on the Presumpscot Formation 
surface is inferred to be the transgressive or regressive uncon
formity, or a combination of both. Layered sediment with mud 
on the surface (Larson and others, 1982; Kelley and others, 1986) 
forms the top of the section, and is inferred to be Holocene. The 
seafloor is smooth where sediment cover is thick although con
siderable relief and a thinning of the section is associated with 
bedrock highs. 

At the northeast end of the bay seismic profiles normal to 
the strike of the bedrock are slightly different than in the more 
protected areas (Figu;e !Ob,c). Thin lenses of a strong reflector 
interpreted as till fill .in topographic lows or exist on the flanks 
of bedrock ridges. A unit interpreted as the Presumpscot Forma
tion overlies this and possesses a highly irregular surface uncon
formity. In places this strong reflector dips into a channel 
obscured by natural gas. The upper unit of presumable Holocene 
age is also more irregular than in the more protected areas. 
Inferred slump scars are common in the northeastern end of 
Casco Bay (Figure l l ), as are channels of possible tidal current 
origin. As elsewhere, high bedrock pedestals are associated with 
a thin stratigraphic column. In some areas of strong currents, the 
Presumpscot Formation crops out at the seafloor (Figure lOd). 
In this area Larson and others ( 1982) found no modem pollutants 
and preliminary coring indicates less than I m of modem sedi
ment (Hay, 1988). 

Seaward of the protection of islands the Outer Bay contains 
much less sediment cover than the Central and Inner Bay (Figure 
12). A seismic profile normal to the bedrock strike shows 
sediment confined to pockets between bedrock ridges barren of 
sediment. Till is interpreted to exist both as moraines and as thin 
lenses similar to those described above (Figure 12a,b). Overly
ing bedrock or till, a unit with closely-spaced, parallel reflectors 
is interpreted as the Presumpscot Formation. In some areas it 
has the appearance of a river terrace (Figure l 2c) while else
where it exists as small seaward dipping ponds of sediment. 
Although the seafloor sediment is certainly modem, it is probab
ly best described as palimpsest or reworked Pleistocene material 
(Kelley and others, I 987c). Except in protected embayments no 
Holocene unit was recognized in the Outer Bay. Instead the 
seafloor is marked by extensive areas of exposed bedrock. Rela
tively thick mud deposits floor the deeper Gulf of Maine seaward 
of the 70 m isobath (Kelley and others, 1987c). 
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In general there is a thickening of the Quaternary 
stratigraphic column moving from offshore toward land, and 
from the outer peninsulas toward the mainland (Figure I 0 , 12). 
Within the bottom sediments, the same units recognized on land 
have been interpreted in the seismic records. In addition, natural 
gas exists in many of the basins offshore. 

The thickness and distribution of Quaternary sediments is 
not clearly understood, but seems to have resulted from late 
Pleistocene deposition of glacial and marine sediment followed 
by Holocene reworking of the material during sea level fluctua
tions. Thus, the Outer Bay, which has been exposed to open 
ocean waves for 10,000 years has long been stripped of most of 
its sediment cover. Remnants of till and Presumpscot Formation 
sediment remain in small basins where they are protected. The 
Presumpscot Formation is terraced in places adjacent to channels 
and may have been fluvially sculpted during the time of maxi
mum emergence. In other areas it exists in small ponds of 
sediment tilted seaward. 

Slumping may once have been common in the Outer Bay, 
and large slump scars are still inferred to exist there (discussed 
below). Slumps are more common in the Central Bay, however, 
and appear related to tidal current channels. Slumps and 
landslides continue to occur on bluffs along all the inner margins 
of Casco Bay as rising sea level undercuts their base, and may 
be a continuing phenomenon throughout the bay bottom (Hay, 
1988). 

Evidence of Neotectonic Activity 

Evidence for neotectonic activity in Casco Bay is am
biguous. Figure 13 locates bedrock faults mapped in the Casco 
Bay area by Hussey ( 197 1, 1981 ). The existence of some of 
these faults is inferential and based on abrupt changes in 
metamorphic grade or stratigraphy. Most of the faults are paral
lel to the regional bedrock strike and find topographic expression 
as valleys. Although Hussey ( 1981) recognized no post-Triassic 
movement along any of the faults, many historical and modem, 
instrumentally-detected earthquakes have occurred in the area of 
Casco Bay (Hussey, 198 1 ). Evidence of possible neotectonic 
action that was discerned from the seismic records includes: ( 1) 
seafloor scarps with offset subbottom reflectors; (2) large mass 
movements (slumps); and (3) natural gas deposits. 

Figure 14 shows the original seismic record and a geological 
interpretation of one trackline which passed over two closely
spaced bedrock faults (Nos. 2 and 3, Figure 13). Directly as
sociated with the inferred trace of the faults, seafloor scarps with 
2 m of relief are seen (Figure 14). Scarp A is also associated with 
a 2 m offset of the first subbottom reflector beneath the seafloor. 
Scarp B has an unusual geometry and is above a major seismic 
reflector with 8 m of offset. In addition, scarp B occurs on the 
upper slope of a basin with an apparent slump scar and slump 
deposit. Side scan sonar profiles (Kelley and others, l 987c) 
across this area reveal a large (l km2

), complex slump with a 
headwall at the location of Scarp A. Natural gas apparently 
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Figure 11 . Side scan sonar image of inferred slump (arrows) off Goose Island. Island is in lower part of image. 

underlies the sediments of this basin and other slumps have 
occurred along its margin (Figure 15). 

In many locations in the northeastern embayments of Casco 
Bay gas deposits and slump scars are recognized (Figures 11 , 
13). Figure 16 shows a typical profile across fault 4. Gas 
deposits are clearly located on either side of a bedrock ridge. 
Channel-like features are also located near the gas and may be 
of tidal origin. A slump scar near Upper Goose Island (Figure 
16) suggests filling of an adjacent channel with slumped debris. 
To the south (Figure 17) two areas of gas may be traced from the 
more northern profile, although no evidence of slumping is 
apparent. In these locations, a single small channel exists near 
bedrock ridges, but the seafloor is smooth and the subbottom 
undisturbed. Elsewhere within Casco Bay gas deposits and 
slump scars exist where no bedrock faults have been mapped 
(Figure 18), and a basin lacking gas or slump scars was evaluated 
over bedrock faults 7 and 8 (Figure 1 Oa). 

There are many possible explanations for the observations 
described above. One extreme possibility is that a fault or faults 
may have been active in Casco Bay within the late Quaternary. 
Movement along the faults may have caused the seafloor rup-
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tures and led to local mass movements. Gas within the 
Presumpscot Formation may have been released by the shaking 
and migrated upward until trapped by the near-surface, imper
meable muds. Slump deposits and gas features similar to those 
presented here have been identified in seismically active areas 
and associated with shaking due to earthquakes (Shilts, 1984; 
Larocque, 1985; Field and others, 1982; Field and Jennings, 
1987). 

Alternatively, the bedrock faults may have been inactive 
since Paleozoic or Mesozoic times. Bedrock surrounding the 
faults may have been differentially eroded by fluvial or glacial 
processes and resulted in basins which parallel the bedrock and 
fault strike. During the post-Presumpscot Formation regression, 
gullies may have been carved in the relatively thick deposits 
filling the basins. These gullies were then the thalwegs of 
productive estuaries during the latest transgression. The gas may 
have originated by bacterial action on Holocene organic matter 
and was trapped by modem mud deposits. The slumps may be 
thousands to hundreds of years old, or less, and are located near 
the mapped faults because of the relief associated with the basins. 
The seafloor scarps would then represent scour marks of unusual 
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Figure 13. Location of major bedrock faults in Casco Bay (Hussey, 1971 a, b, 1981 ). Numbers correspond to faults discussed in 
text. Stipled areas are underlain by natural gas and dots locate the position of inferred submarine slumps. 

geometry, or incipient slumps. Modem current scouring may 
even remove slump scars almost as fast as they are formed. 
Recent work by Hay ( 1988) suggests a relatively rapid transfer 
of mud occurs from coastal bluffs, to intertidal flats, to subtidal 
regions and the deep Gulf of Maine. 

The difficulty with the first scenario is the inconsistent 
relationship between fault locations, and gas and slump features. 
One could reasonably expect to find more ruptures along faults 
3 and 4 if these features are active and caused the offsets of 
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Figure 14. On the other hand, an analysis of slope stability 
(Appendix A) indicates that slopes less than 5° in Casco Bay are 
"stable" under reasonable conditions of sediment accumulation 
rate and sediment physical properties (silt accumulation at a rate 
less than I cm/yr). It is possible that small local earthquakes or 
gas, as described by Booth and others ( 1985), have led to slope 
failure. More detailed side scan sonar observations and cores of 
the slump features are required to better constrain the nature of 
the deposits. 



Neotectonic activity in coastal Maine 

A 

NW SE 
0 .. 

0 .. ~ o:i 
CLIFF ~ "' LUCK SE "' SAND : 

8 ~ iO ~ ISLAND SOUND ISLAND -

Fault 3 

Scarp B I 
Slope A 

10 

~f 
/! 10 

1 / Bedrock 

Bedrock 
Bedrock 

15 I 15 

</) </) 
a: 500M a: 
~20 20~ 
w w 
::; 

4M I 
::; 

H20 

~ 25 25 

30 30 

CB-6 
35 35 

Figure 14. Original seismic record (A) and interpreted geology (B) of area near bedrock faults 2 and 3. Seafloor scarps and subbonom 
offsets appear to be associated with the location of bedrock faults. As discussed in the text, the slopes are probably too gentle to 
have slumped naturally unless eanhquakes or natural gas led to slumping. A digitized interpretation of this entire line (CB-6) may 
be seen on Figure I IC. 

173 



174 

J. T. Kelley and others 

A 

MANCHEST R. ,'.., ,H .• U.S.A . 

~=l=:i~===Pii~3~~g+::~~ 

NE 

B CLIFF ISLAND 

5 
Fault 3 

10 

15 

30 

35 

-40 

CB-92 

~ 
.....__ Preaumpscot \ {\ 

Fm. .._::: --7 
Gaa / t.J 

SW 
HOPE ISLAND 

5 

10 

15 

20<1) 
a: 
w .... 
w 

25 :I 

35 

40 

Figure 15. Original record (A) and geological interpretation (B) of seismic line CB-92 across bedrock fault 3. Inferred Holocene 
muds have probably slumped into the basin near Cliff Island. 



Neotectonic activity in coastal Maine 

A 

Fault 4 

Presumpscot ! 10 

Scour 

20 

Holocene 

// Mud 
3 0 

I 

~~ 
I 

(/) I 
a: I 

~40 I 
I 

w I :::; I 

I 
I ~.".'""' y 

I I 

~-50 I Till / 

"f\j~ 
\ I 
\ I 
\ I 'J 

Bedrock Bedrock 
60 

\~ 70 CB-37 

SE 

HARPSWELL NECK 

10 

/
;/I I 

/"/' I 20 

/if 30 

(/) 

a: ~V: 
Presumpsco t \ / 

\ Till I 
\ I 

40~ 
Fm. 

\ ....... ' 
50 

6 0 

70 

w 
:::; 

Figure 16. Original record (A) and geological interpretation (8) of seismic line CB-37 across bedrock fault. Inferred tidal current 
scour and slump scars are apparent. Fault crossed is number 4 on Figure 13. Track line is located on Figure 7. 

175 



176 

J. T. Kelley and others 

A 

NW SW 
B GOOSE LEDGE CURTIS COVE 

10 Fau lt 4 10 

20 

l 
20 CB-35 

30 30 

•o 

en 
a: 

50~ 

en 
a: 
~50 

w 
:Ii 

w 
~ ..... Till 

Bedrock 

eo 60 

70 70 

80 80 

90 90 

Figure 17. Original record (A) and geological interpretation (B) of seismic line CB-35 across bedrock fault number 4 (Figure 13). 
Track line is located on Figure 7. 



A 

8 
5 

10 

15 

20 

25 

"' a: 
~30 
w 
2 

35 

40 

45 

50 

55 

ORRS ISLAND 

Neotectonic activity in coastal Maine 

STOVER POINT 

~ 
Poss ible 

15 5M 

5Mr---
Hz0 I 

CB-62 

Presumps cot J 
Fm. 

20 

25 

"' a: 
30~ 

35 

4 0 

45 

50 

55 

w 
2 

Figure 18. Original record (A) and geological interpretation (B) of seismic line across bay with no known fau lt. Natural gas is 
conspicuous in the central basin and slump deposits appear to exist on the margins of the channel. 

177 



J. T. Kelley and others 

MARINE GEOLOGY OF SACO BAY 

Geological Setting 

Saco Bay is bounded on the northeast by Cape Elizabeth, 
the southwest by Biddeford Pool, and occupies about 200 km2 

out to a depth of 100 m. The bay may be divided into three 
compartments separated by the peninsulas of Prouts Neck and 
Richmond Island (Figure 19). 

The bedrock geology of Saco Bay is dominated by the 
metamorphic rocks of the Scarboro and Cape Elizabeth Forma
tions (Hussey, l 97 l ), although there are no linear trends of 
islands as in adjacent Casco Bay (Figure 7). The bedrock around 
Biddeford Pool is Carboniferous granite which may also crop 
out on the bay bottom. 

There are few mapped faults in Saco Bay, possibly due to 
the poor exposures along this sandy, marshy shoreline (Figure 
20). Several extensions of faults known from Casco Bay are 
inferred to cross Saco Bay near its shoreline. These faults offset 
metamorphic isograds in the bay's rocky peninsulas, but possess 
no physiographic expression. 

On the basis of bathymetry, Saco Bay may be suodivided 
into five regions. As with Casco Bay the innermost portion of 
the embayment is dominated by shallow estuaries. Seaward of 

43°30' 

SACO BAY 
BAT HY MET RY 

0 2 Kilometers 

---~ Intertidal 
-=-- Beach/Marsh 

70°20' 

the rivers a gently seaward sloping sandy area exists off the 
barrier spits. The sandy sloping area terminates abruptly at about 
30 m depth where an extensive shallow area of chaotic 
bathymetry with small islands exists. The chaotic shallow area 
is cut by several channels which connect the sandy inner area to 
an outer, deep, region. This outer area slopes from about 60 m 
depth in the northeast to about 100 m depth in the southwest and 
locally is very flat (Kelley and others, l 987a). 

Quaternary Geology of Saco Bay 

The inner estuarine portions of Saco Bay are largely com
posed of extensive salt marshes, within which seismic profiling 
was impossible (Figure 21 ). Engineers logs of borings into the 
Scarboro marsh (Figure 22) reveal a very thick section of till and 
Presumpscot Formation muds filling a bedrock valley beneath 
the marsh. The largest river in the area, the Saco, passes over 
falls within a few kilometers of the bay, and bedrock was 
observed to floor its channel. As in other embayments in Maine, 
glacial deposits fill preglacial bedrock valleys resulting in con
temporary drainage derangement. 

The gently sloping region seaward of Saco Bay's beaches is 
a relatively thin sand veneer unconformably overlying bedrock, 
till, or the Presumpscot Formation (Figure 6b,c and 23). Over 

43°30' 

Figure 19. Location of the Saco Bay study area. 
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bedrock channels the Holocene sediment may be up to 30 m 
thick, although near shallow bedrock pedestals Quaternary sedi
ment is generally absent (Figure 23). 

The channels which connect the inner sloping area to the 
outer flat basin contain the most complete stratigraphic section 
observed in Saco Bay. Truncated reflectors within the 
Presumpscot Formation suggest removal of an unknown quan
tity of glaciomarine sediment during the sea level retreat about 
10,000 years ago. Bottom sampling reveals the channels to be 
floored by mud except near sources of coarse-grained sediment 
like till. Although no evidence of slumping was observed in the 
seismic records, recent submersible observations suggest con
temporary winnowing may be the source of the extreme turbidity 
observed in the bay (Kelley and others, 1987b). 

Figure 22. Borings from Route 9 crossing of Scarboro Marsh (after 
Bloom, 1963). 

Between the channels an area of bedrock and coarse-grained 
sediment dominates the shallow seafloor. In the area near Three 
Tree Ledge, sediment was observed only in bathymetric lows 
between rock ridges. The seaward border of the rocky area is 
marked by a 10 m scarp usually supported by till. Seaward of 
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the scarp the flat outer basin contains a large quantity of stratified 
sediment capped by modem muds. The scarp appears to have 
been cut during the sea level withdrawal which occurred be
tween 8,000 to 10,000 years ago (Belknap and others, 1986; 
Kelley and others, 1986) and is not of tectonic origin. 

Evidence of Neotectonic Activity 

No evidence of neotectonic activity was recognized in Saco 
Bay. The scarps observed on the seafloor do not possess offset 
seismic reflectors at depth and seem to be erosional features 
related to sea level excursions. No slumps were observed in the 
bay sediment, and steep slopes were generally absent. Finally, 
no natural gas was observed in any seismic profile from Saco 
Bay. Despite the similarity between Casco and Saco Bay's 
offshore stratigraphy any gas which may have existed in Saco 
Bay was apparently able to escape through the sandy, permeable, 
Holocene sediment. 

Although not direct evidence of seismic activity, the 
deepest, early Holocene shoreline in Saco Bay is at 70-75 m 
compared to 35 m in New Hampshire (Birch, 1984), 47 m in 
Massachusetts (Oldale, 1985), and 45 m in Penobscot Bay, 
Maine (Knebel and Scanlon, 1985). This discrepancy may be a 
result of neotectonic movement, incomplete observations, or the 
features may have formed at different times. Birch ( 1986) has 
recently invoked neotectonic action as a cause of shoreline 
indicators at different depths along the New Hampshire inner 
shelf, although no faults in the sediments were recognized in 
seismic profiles conducted there (Birch, 1984 ). 

MARINE GEOLOGY OF COBSCOOK AND 
OAK BAYS 

Geological Setting 

Cobscook and Oak Bays are located at the eastern comer of 
Maine on the Canadian border (Figure 2). The geometry of the 
bays is strongly influenced by folds and faults in the local 
Paleozoic bedrock (Gates, 1982, and this volume). The Eastport, 
Dennys, Edmunds, and Leighton Formations bound Cobscook 
Bay and are Siluro-Devonian components of the Cobscook 
Anticline, which underlies the bay. Much of the margin of Oak 
Bay is underlain by the late Devonian Perry Formation as well 
as by the Red Beach granite (Osberg and others, 1985). 

The large Fundy and Oak Bay faults bound the eastern 
comer of Maine, while numerous minor faults are mapped within 
Cobscook Bay (Figure 24). The faults range from Silurian to 
Triassic-Jurassic in age (Gates, 1982). There are five age groups 
of faults within the total age range and Gates ( 1982) describes 
the location, trends, and age distinctions of each group. Of 
principal interest to this study is the Oak Bay fault, which extends 
north-northwest for 50 km from Campobello Island to beyond 
Oak Bay (Newman, 1980). It is inferred to be Carboniferous or 

younger, with a vertical fault plane (Gates, 1982). Nearly nor
mal to the Oak Bay fault is the Fundy fault which extends from 
Great Wass Island parallel to and offshore of the coast. Jt is one 
of many of the Triassic-Jurassic normal faults in the Gulf of 
Maine. No offset has been observed on land to document any 
fault movement since Jurassic (Gates, 1982; Newman, 1979). 

Bathymetrically, the bays range from areas of extensive 
intertidal mud flats in protected coves to channels greater than 
75 m deep offshore of Deer Island's high cliffs (Figures 25 and 
26). The extreme bathymetric relief is at least partly dictated by 
the region's 8 m semi-diurnal tides. Seismic profile lines were 
chosen so as to cross as many of the area's faults as possible 
(Figures 27 and 28). 

Quaternary Stratigraphy of Cobscook and Oak Bays 

On the basis of bathymetry and shape, the Cobscook Bay 
region, a complex strike-normal embayment, is divided into six 
smaller bays (Figure 25). Dennys and Whiting Bays are farthest 
west, shallowest and most restricted from ocean circulation. A 
significant portion of their area is intertidal. Cobscook and 
South Bays are centrally located, broader and deeper than the 
inner bays. Johnson Bay and Friar Roads are connected directly 
to the ocean. Friar Roads is the deepest with 64 m of water at its 
northern end. 
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Figure 24. Location of bedrock faults in the Oak Bay-Cobscook Bay 
area (after Osberg and others, 1985). 
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Dennys Bay is a 2.5 by 4.8 km NW-SE trending bay. It is 
shallow and extremely restricted, open only to Whiting Bay in 
the north. Three small rivers bring fresh water and sediment into 
the bay. The surficial sediment on the adjacent coast is mostly 
clay where there is sediment at all (Borns, 1975). Till is found 
only in the Hardscrabble River mouth area. 

Whiting Bay is similar to Dennys Bay. Jt is a N-S trending, 
shallow and restricted embayment approximately l.5 by 6 km. 
Most of the fresh water comes in over a dam at the bay 's southern 
tip. Clay is mapped on the bay's margins with minor amounts 
of till on the southwest end (Borns, 1975). 

The seismic record from Dennys and Whiting Bays indi
cates a single seismic unit up to 28 m thick over bedrock. The 
bedrock is exposed at the end of every track line and so rims the 
bays. The overlying seismic unit has very little surface relief 
except where tidally channelled. On the basis of the surface 
morphology and the intensity of the seismic returns from within 
the unit, it appears to be sand and silt of the Presumpscot 
Formation. 

Cobscook Bays occupies 9.6 by 3.2 km between Friar Roads 
and Leighton Neck and north of Johnson and South Bays (Figure 
25). Cobscook Bay is better connected to the sea than Dennys 
and Whiting Bays, and is up to 50 m deep. The Pennamaquan 
River enters on the northwest and minor streams contribute fresh 
water from the north and south. Surficial sediment on the 

182 

surrounding headlands is mostly clay with minor till at the 
Pennamaquan River mouth and on the tip of Seaward Neck 
(Borns, 1975). 

South Bay is the moderately restricted southern arm of 
Cobscook Bay (Figure 25). It has a NW-SW trending arcuate 
shape, 8 by 1.6 km in area. Surficial sediment around the bay 
includes till on the north end of Seaward Neck and Presumpscot 
Formation almost everywhere else (Borns, 1975). At the 
southern end of the bay ice-contact morainal deposits abound, 
over which Mays Brook brings fresh water into the bay. 

Johnson Bay is a small NNE trending waterway adjacent to 
outer Cobscook Bay (Figure 26). Relatively little fresh water 
enters this embayment. Surrounding surficial deposits are clay 
and till on the east and only bedrock on the west (Borns, 1975). 

In Cobscook, South, and Johnson Bays the seismic data 
indicates two or possibly three units over bedrock (Figures 29, 
30). The lower unit, which is opaque with a strong and spikey 
surface return, is missing from some areas and is inferred to be 
till. In Cobscook Bay, the presence of the lower unit corresponds 
well to the mapped distribution of till (Borns, 1975). It is present 
between Seaward Neck and Moose Island and around the Pen
namaquan/East Bay area. The lower seismic unit is con
spicuously missing from the central area north of South Bay, 
where till does appear on the surficial map (Borns, 1975). Above 
the seismic reflectors interpreted as the surfaces of bedrock and 
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Figure 26. Bathymetry of Oak Bay. 

till is a unit which has internal reflectors and commonly forms 
ponds between bedrock peaks. It has a solid surface return which 
is alternately smooth and channelled. This upper unit is con
sidered to be sandy and probably the Presumpscot Fonnation. 
Except in central Cobscook Bay, the upper sandy unit is under
lain frequently by till. Frequently the surficial material appears 
to be modern sand or mud, but rarely can it be distinguished from 
the lower material, and it may be reworked Pleistocene sediment. 

Friar Roads is the N-S trending outer portion of Cobscook 
Bay. It covers 3.2 by 8 km between Eastport and Campobello 
Island and is connected to the ocean on either end of the Island 
(Figure 25). There is no fresh water input. The surficial sedi-

ment on the west part of the area is clay and bare rock and on 
Campobello is sand and gravel (Borns, pers. comm., 1985). 

The thickest sediment in Friar Roads is greater than 34 m 
and has accumulated at the mouth of the West Passage to Pas
samaquoddy Bay. The seismic data indicate two units over 
bedrock (Figure 31 ). The upper unit has regularly spaced lateral
ly continuous internal reflectors a meter apart throughout its 25 
m of thickness. The internal reflectors mimic the shape of the 
fathometer trace and are truncated by the seafloor. The lower 
unit has a strong spikey surface return, is acoustically opaque 
and is found only on the flanks of the track lines. The central 
portions of the lines may be underlain by the lower unit, but the 
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Figure 27. Location of seismic reflection profiles from Cobscook Bay. 

record is not deep enough to reveal it. The stratigraphy in this 
area is interpreted to be well bedded alternating sand and mud 
over till. The age of the sand and mud is probably late Pleis
tocene (Presumpscot Formation equivalent?), but is unsampled. 

Oak Bay is the northern extension of the St. Croix River 
estuary (Figure 26). The area termed "Oak Bay" in this report 
includes the St. Croix River between Passamaquoddy and Oak 
Bays. The Oak Bay area is 2 km by 17 km trending north
northwest along the Oak Bay fault valley. Several small rivers 
join the St. Croix from the American side and a few from the 
Canadian. Clay and bedrock with only minor till cover the 
western bank of the river (Borns, 1975). The eastern bank has 
locally thick sand over stony till. 

Oak Bay proper has a patchy sediment distribution ranging 
from 0 to 40 m of inferred Quaternary sediment. A variety of 
seismic units were recognized in the bay, but interpretation was 
difficult because of a lack of control provided by cores or 
previous work of any sort. Overlying the strong reflector, inter
preted as the surface of bedrock, was a layered seismic unit 
which in some locations resembled what has elsewhere been 
called the Presumpscot Formation (Figure 32). This unit pos
sessed a strong surface return and few internal reflectors. In 
many locations, however, the lowermost Quaternary unit was 
featureless (Figure 33) and often extended to the seafloor. Here 
the unit is simply labeled sand and silt, and where it is overlain 
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by acoustically transparent surface material, the uppermost unit 
is termed Quaternary mud (Figures 33, 34). 

Evidence of Neotectonic Activity 

Evidence of seismic activity in this area was observed in the 
form of numerous slumps. Eleven slumps were observed in the 
Cobscook Bay area, but none of these were in the shallow inner 
bays. Most slumps were in Quaternary muds (possibly the 
Presumpscot Formation, but possibly Holocene) adjacent to tidal 
channels (Figures 29, 30). While some of the slumps overlay 
mapped bedrock faults (Figure 29), others were not near fault 
areas at all (Figure 30). Although faulting cannot be ruled out 
as the reason for the slumping, no significant offset internal 
reflectors were observed. This is especially true in the Friar 
Roads area (Figure 31) where the seismic line crossed the trend 
of the Oak Bay fault. Very regularly spaced reflectors and a 
smooth seafloor indicate no evidence of motion on the fault. 

Within Oak Bay proper five slump features were observed, 
and one possible fault. The slumps were in the form of deposits 
(Figure 32) similar to those described by Shilts ( 1984 ). These 
were at the base of a steep-walled channel and appeared to be 
composed of acoustically transparent mud. In mid-bay regions 
near islands, slumps with tidal current-smoothed surfaces were 
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observed (Figure 33). Again, high relief and strong currents 
probably played a major role in their generation. 

In one place in the bay, a steep walled scarp of apparently 
unconsolidated material was observed (Figure 34). This may be 

bedrock or other units, although the record is too noisy to be 
certain. If it is unconsolidated material, such a steep face with 
no slump may represent motion on a fa ult surface. 
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F igure 30. Seismic reflection profile across inferred slump scars in Cobscook Bay. The nearby tidal channel may have undercut the 
Quaternary sediment and led to sl umping. 

l87 



E 

30 

35 

40 

188 

M AHCHESTUt . N.H .. U .S .A. , 

190M 

SM~ 
H20 I 

J. T. Kelley and others 

CC-10 

I 
I 

I Bedrock 
I 

/\/ 

Till 

Figure 31. Seismic reflection profile across Friar Roads, which is within the Oak Bay fault system. Well layered Pleistocene-age 
seismic reflectors are truncated at the seafloor but show no offset due to faulting. 

w 

10 

20 

25 

30 

35 

40 

4 5 



Neotectonic activity in coastal Maine 

w E 
MILL POINT 

5 5 

08-33 
10 10 

15 15 

"' \ "' a: a: 
~20 " 20~ 
UJ 

" 
UJ 

::;; ::;; 

25 25 

200M 

30 30 

4.2MI 
H 20 

35 35 

Figure 32. Seismic reflection profile across inferred slump deposit near the Oak Bay fault. 
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slumped debris. 
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MARINE GEOLOGY OF EGGEMOGGIN REACH 

Geological Setting 

Eggemoggin Reach is a small rectangular embayment lo
cated in central Maine on the eastern side of Penobscot Bay 
(Figure 2). It is bounded on the north and west by mid-Paleozoic 
rocks of the Castine Formation and on the south and east by the 
Precambrian or lower Paleozoic Ellsworth Formation (Osberg 
and others, 1985). The bay's opening on the southeast is marked 
by numerous islands held up by the Deer Isle Granite (Osberg 
and others, 1985). As was noted in the 19th century by Shaler 
( 1894 ), Eggemoggin Reach owes its origin and geometry to 
faults. It is bounded on the southwest margin by a linear fault 
which is nearly normal to another fault which trends across the 
Reach (Osberg and others, 1985). 

68°•0' 

SARGENTVILLE 

Because of its exposed position in outer Penobscot Bay, 
there is less intertidal area in Eggemoggin Reach than in the other 
bays investigated (Figure 35). The Reach is relatively shallow 
in the northwest, nevertheless, with most locations less than 20 
m deep. In the southeast, the numerous granitic islands support 
many shallow platforms around 5 m deep which are adjacent to 
basins 20 m deep or greater. Thus the bathymetric relief is 
greater in the southeast. 

Quaternary Stratigraphy of Eggemoggin Reach 

Till is conspicuously present on most of the margins of 
Eggemoggin Reach and is the most common deposi t mapped in 
the area (Thompson and Borns, 1985). While till was also 
frequently recognized on the seismic records, especially near 
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Figure 35. Bathymetry of Eggemoggin Reach. 
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granite islands, the Presumpscot Fonnation and Holocene sands 
and muds were more common in the submarine environment. In 
many areas, the prominent reflector interpreted as the ravine
ment unconfonnity on the surface of the Presumpscot Fonnation 
dips toward the axis of a channel which is filled with natural gas 
(Figure 37). Acoustically transparent mud always capped the 
gas deposits that were recognized. 

Although too little seismic data (Figure 36) and insufficient 
surficial mapping on land exists to present a detailed picture of 
the history of sediment deposition and erosion in the Eggemog
gin Reach area, the geology appears similar to that in Casco Bay 
or western Penobscot Bay (Knebel and Scanlon, 1985) which 
have been described in detail. 
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Evidence of Neotectonic Activity 

No seafloor scarps or offset reflectors were found over 
mapped bedrock faults, or anyplace else in Eggemoggin Reach. 
Slump deposits were observed on the margins of deep channels 
(Figure 38) but not over mapped faults. Natural gas was also 
observed in Holocene sediment over inferred paleochannels 
etched onto the surface of the Presumpscot Fonnation, but these 
were located more often over non-faulted areas, than areas 
underlain by bedrock faults. 
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Figure 36. Location of seismic reflection profiles in Eggemoggin Reach. 
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Figure 38. Seismic reflection profile from Eggemoggin Reach. The toe of a slump deposit appears as a hardened, lobate surface 
reflector at the bottom of the channel. 
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MARINE GEOLOGY OF MACHIAS BAY 

Geological Setting 

Machias Bay is the first major coastal reentrant south of the 
Canadian border (Figure 2). It is generally rectangular in outline 
and termed an equant embayment (Belknap and others, 1987). 
The bedrock in this area is similar to that of nearby Cobscook 
Bay, with the Silurian-age Edmunds and Dennys Formations 
rimming most of the bay (Osberg and others, 1985). The 
Devonian-age Eastport Formation is exposed in parts of the outer 
bay, and many of the islands in the bay are held up by Silurian 
or Devonian mafic rocks (Osberg and others, 1985). Many of 
the faults from the Cobscook Bay area also trend across Machias 
Bay, and offshore of the bay the Fundian fault marks the border 
of deep water (Figure 24). 

The bathymetry of Machias Bay may be divided into three 
regions. The inner estuarine area, landward of about Ft. O'Brien 
Point, contains the channels of the Machias and East Machias 
Rivers, but is otherwise intertidal (Figure 39). Seaward of Ft. 
O'Brien Point the bay broadens into a large rectangular region 
which is largely intertidal near Holmes Bay and landward of 
Sprague Neck. Sprague Neck, a westward extension of the Pond 
Ridge Moraine (Thompson and Borns, 1985) separates the rela
tively shallow intermediate area from the bay's outer deep 
region. Depths offshore of Machias Bay's mouth quickly exceed 
50 m, although here, as elsewhere in the bay, islands and shoals 
protrude from even the deepest areas. 

Quaternary Stratigraphy of Machias Bay 

Machias Bay is subdivided by numerous small and one very 
large moraine. Eroding bluffs of till and the glaciomarine 
Presumpscot Formation rim its margin (Thompson and Borns, 
1985). The bay bottom is similarly filled with substantial 
deposits of glacial and glaciomarine sediments. An interpreted 
seismic profile down the axis of Machias Bay (Figure 40, 41) 
nicely summarizes the local stratigraphy as interpreted from the 
seismic records. 

Major deposits of till, partly corresponding to outcrops on 
land, divide the outer and mid-bay areas into several distinct 
sedimentary packages. Between the moraines, melting ice 
deposited a substantial quantity of glaciomarine mud with a 
thickness up to 30 m (Figure 41). Following deposition of the 
glaciomarine sediment, fluvial and marine erosion during the 
early Holocene regression and subsequent transgression created 
a strong angular unconformity. Up to 10 m of muddy sand and 
gravel is interpreted to overlie the floor of the outer bay (Figure 
41). Modem sediment continues to accumulate in the shallow 
inner bay area. Seismic records from this area were of poor 
quality because of the shallow water depth. 
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Evidence of Neotectonics 

44• 35 

No faults were interpreted on the seismic records of Machias 
Bay. The well layered glaciomarine and fluvial deposits would 
have provided excellent horizons to measure offsets had any 
occurred. 
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No slumps or gas deposits were observed in Machias Bay 
except in the innermost, estuarine region. In this area, what 
appeared to be modern gas deposits blocked the seismic record 
near the extensive marshes to the area. The paucity of slumping 
is probably attributed to the coarse-grained nature of the Quater
nary sediment and lack of steep, local relief. In this broad 
embayment, channels are not so prominent as in Cobscook and 
other high tidal range bays, and as a result the seatloor is 
smoother and more stable. 

MARINE GEOLOGY OF SHEEPSCOT BAY 

Geological Setting 

The Sheepscot River occupies a long, strike-parallel narrow 
embayment which widens considerably as it enters the ocean in 
Sheepscot Bay (Figure 2). The entire eastern shore of the river 
is held up by late Precambrian to lower Paleozoic rocks of the 
Cape Elizabeth Formation as is Southport Island at the mouth of 
the bay (Osberg and others, 1985). The western shore of the 
Sheepscot River and Bay is composed of the Ordovician to 
Devonian age Bucksport Formation (Osberg and others, I 985). 
A large thrust fault is inferred to underlie the river and bay and 
separates the Cape Elizabeth and Bucksport Formations (Osberg 
and others, 1985). 

The geography of the upper bay and river is very complex 
and the bathymetry is similarly irregular (Figure 42). Although 
most of the landward area of the river embayment is intertidal 
marsh and flat, seaward of the Route I bridge at Wiscasset 
(Figure 2) the main channel is greater than 18 m deep throughout 
its length. Off Westport and Barters Islands the bottom rapidly 
descends from intertidal bedrock to depths greater than 25 m 
over very short distances. The Sheepscot River has numerous 
shallow coves extending to either side of the main channel. 
While most of these are cul-de-sacs, Montsweag Bay connects 
through a channel to the Kennebec River in the west, and 
Townsend Gut joins with Linekin Bay to the east. 

Quaternary Stratigraphy of the Sheepscot River Embayment 

The Quaternary stratigraphy of the Sheepscot River embay
ment has been described in detail by Belknap and others ( 1986, 
1987). From the riverine end of the Sheepscot Embayment at 
Wiscasset to the oceanic portion at Southport Island and beyond, 
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43). Upstream of Wiscasset, most of the Sheepscot River valley 
is intertidal marsh and flat environments. Bridge borings and 
seismic profiles at the Wiscasset Bridge (Figure 44) show a 
relatively complete Quaternary stratigraphic column with a thin 
till deposit at the base (refusal in the borings) and 30 m to 40 m 
of Pleistocene and Holocene mud inferred to overlie it. The 
unconformity interpreted from the seismic profile at the surface 
of the Presumpscot Formation is logged as a desiccated yellow 
clay in the bridge borings (Miller and Baker, 1982), but is 
masked by natural gas in much of the channel. Midway between 
Wiscasset and the ocean, at Barters Island, the Quaternary sedi
ment fills only about 50% of the bedrock valley of the river 
(Figure 43). Slumping is apparent in all of the 1983 profiles in 
the Barters Island area (Figure 43) and may involve the 
Presumpscot Formation sediment as well as Holocene material. 
When side scan sonar profiles were made over the same area in 
1985, no slumps were recognized, suggesting that current action 
removed them. 

In the Sheepscot Bay area natural gas is a common feature 
in the drowned portion of the Sheepscot River paleovalley 
(Figure 46). Although the gas obscures everything beneath it, 
extensive exposures of bedrock suggest that there is relatively 
little sediment remaining in much of the offshore area. One 
exception to this generalization is the large body of sand at the 
mouth of the nearby Kennebec River. This is a former delta of 
that large river that was formed during the sea level lowstand 
near the beginning of the Holocene (Belknap and others, 1986, 
1987). 

Evidence of Neotectonics 

As in other locations in coastal Maine, the evidence of 
neotectonic action exists mainly as extensive slump deposits in 
the margins of channels. In the Sheepscot River area slumps 
were continuously observed along the western shore of Barters 
Island (Figures 42, 45). Frequently debris aprons were not 
present on the bottom which suggests that currents scoured the 
slump deposit following deposition. Furthermore, side scan 
sonar observations failed to observe slumps two years after the 
initial (1983) seismic reflection work recorded them. In many 

Figure 42. Location of seismic reflection profiles from Sheepscot Bay. of the deeper bedrock channels natural gas in the upper part of 
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the sediment column obscured the lower regions. Since slumps 
and gas deposits are very near or overlie bedrock faults, their 
association may be genetic. Thus the seismic energy release 
might have triggered the slumping and sufficiently agitated the 
sediment column to permit migration and trapping of natural gas 
beneath a cover of Holocene mud. 
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CONCLUSIONS 

No unambiguous faults were located during the geophysical 
surveys of Maine embayments. Numerous inferred slump 
deposits were recognized, and often, but not always, the slumps 
occurred near mapped bedrock faults. Natural gas was also 
recognized in many locations, and frequently the gas deposits 
were spatially associated with both mapped bedrock faults and 
inferred slump deposits. In many places clear evidence for the 
absence of recent dip-slip faulting was interpreted from the 
smooth, unbroken surface of the acoustic reflectors. 

As discussed in the text, the ambiguous nature of the work 
does not rule out the possibility of seismically deformed Quater
nary sediment in coastal Maine. More detailed side scan sonar 
research over areas of inferred slumping, and cores of inferred 
slump deposits would strengthen our confidence in the seismic 
interpretations. Along with this, more closely-spaced seismic 
lines in Oak Bay and Casco Bay would allow more detailed 
observations of the possible faults described from those loca
tions. Additional work in northern Penobscot Bay, where large 
pockmarks are common on the seafloor (K. Scanlon, U.S. 
Geological Survey, personal communication), would sig
nificantly add to our coverage of the region. 
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APPENDIX A 

This appendix provides an evaluation of s lope stability in the subtidal regions of Casco Bay. It depends on slope angle and sediment thickness measurements made 
by seismic reflection profiling. These determinations were interpreted based on the recent publication by Booth and others (1985), "A nomogram for interpreting 
slope s tability of fine-grained deposits in modem and ancient marine envi ronments." The appendix is divided into five sections which correspond to different portions 
of the nomogram (Figure A-1). Assumptions are made regarding sediment physical properties as suggested by Booth and others (1985). 

TIME FACTOR (I) 
Since there no data on the rate of sediment accumulation in Casco Bay, three 
examples are used which probably bracket the true conditions. 

Assumption A) 10 m section unless otherwise stated; 
B) Cv equals 10"1m2/yr (Booth and others, 1985); 
C) Rates of accumulation 

Case 1: .001 m/yr for 10,000 yrs 
Case 2: .01 m/yr for 1,000 yrs 
Case 3: .05 m/yr for 200 yrs 

r2t/Cv = m/yr(yr)/m2/yr = dimensionless parameter 

log(r2f/Cv) =Case I = .001 2
( 10,000)/.1 = -1.0 

Case 2 = .01 2( 1,000)/. I = 0.0 
Case 3 = .052(200)/.1 = 0.7 

SLOPE ANGLE (II) 
A range of values exist in Casco Bay. Examples will assume values of: 

A = 1°; B = 2°; C = 5°; D = 10° 

PORE PRESSURE FACTOR (Ill) 
Combinations of accumulation rates and slope angles yield five possible pore 
pressure factors for the examples. The values are taken from Figure A-1. 
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Case 1 A,B,C.D = 0.94 
Case 2 A,B,C = 0.75 
Case D = 0.70 
Case 3 A,B,C = 0.45 
Case 3 D = 0.42 

TANGENT RATIO (TAN O'/TAN ) (IV) 
Values for the tangent ratio are partly assumed and partly measured. Accord
ing to Booth and others ( 1985) clay-silt mixtures, which comprise the bottom 
sediments of Casco Bay (Larson, 1982), yield typical O' values of 30°. Tan 
30° = 0.577 = 0.58. 

Case A= Tan 30°/Tan 1° = .58/.02 = 29 
Case B =Tan 30°/Tan 2° = .58/.03 = 19.3 
Case C =Tan 30°/Tan 5° = .58/.09 = 6.44 
Case D =Tan 30°/Tan 10° = .58/ .1 8 = 3.22 

FACTOR OF SAFETY (V) 
The factor of safety is determined on the nomograrn (Figure 1-A) for the three 
cases of different sediment accumulation rates and four s lope angles. 

IA= 27.0 2A = 20.0 3A = 13.0 
IB = 18.0 2B = 14.0 3B = 8.5 
IC= 5.0 2C= 4.5 3C= 2.8 
ID = 3.0 2D = 2.2 3D = 1.4 

All factor of safety values less than 1.0 have less than a 50% probability of 
s lope failure under stated conditions and assumptions (Booth and others, 
1985). Gas within the sediment and nearby earthquakes may nullify factor of 
safety determinations. 
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ABSTRACT 

Geodetic surveys, completed in Maine on numerous occasions since 1859, reveal a record of recent earth crustal 
motion. Repeated first order level lines throughout Maine, and horizontal first order triangulation surveys and 
satellite surveys in eastern Maine, indicate significant subsidence in the Passamaquoddy Bay region of the coast. 
Horizontal survey data, while less conclusive than the vertical data, indicate evidence of detectable strain accumula
tion. 

VERTICAL DAT A 

The national first order vertical leveling network surveyed 
and maintained by the National Geodetic Survey (formerly the 
U.S. Coast and Geodetic Survey) was extended into Maine in 
1916. Parts of the network, shown in Figure I , have been 
releveled as many as four times between 1916 and 1978. All first 
order leveling data in Maine which could be located by the 
National Geodetic Survey in 1979 were collected and analyzed 
in order to provide a coherent picture of vertical crustal motion 
within the State (Tyler, Ladd and Borns, 1979; Tyler and Ladd, 
1980). A number of computational techniques for combining 
disjointed segments of level lines surveyed and resurveyed at 
different epochs have been proposed (Vanicek and Chris
todulidis, 1974; Holdahl, 1978). A variation of Holdahl's 
method 5 was selected for the Maine data. 

VERTICAL VELOCITY SURFACE MODEL 

The elevation of benchmark a at time ti is given by 

ha,i = ha,o + V(xa,ya)(ti - to) (1) 

where: 

ha.i = elevation of benchmark a at time ti 
ha,o = e levation of benchmark a at time to 
V = vertical velocity 
xa,ya = plane coordinates of benchmark a 
t =time 

The velocity function V(xa,ya) is assumed to be independent of 
time and can be expressed as a two dimensional algebraic 
function: 

V(xa,ya) = C 1xa + C2ya + CJXaYa + CAxa2 + ...... (2) 

The difference in e levation between two benchmarks, a and b, at 
time ti can now be written: 

~hb,a,i = (hb,i - ha.i) + Yb,a,i 

where: 

~hb,a, i =observed difference in elevation at time ti 
hb,i and ha,i are as defined in equation 1 
Yb,a,i = a residual 

(3) 

The unknown parameters in equation 3 are the elevations of 
benchmarks a and b at time t0 and the coefficients of the poly
nomial. Equation 3 in expanded form is: 

~hb,a,i = (hb,o - r a,o) i c 1 (Xb - Xa)(ti -2 to) +2 C2(yb - Ya)( ti - to) 
+ C3(Xb - Xa )(ti - to)+ C4(yb - Ya )(ti - to) 
+ C5(XbYb - XaYa)(ti - to) + ...... + Yb-a.i (4) 

and is linear in the parameters. 
All releveled lines in the state were examined, and observed 

elevation differences between adjacent benchmarks included in 
at least two surveys were put into a least-squares solution to solve 
the velocity surface model. The resulting surface coefficients 
and equation 2 were used to generate point velocities which are 
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._ _____ Ashland 

Figure I. Map showing the first-order level network in Maine and the 
relative vertical crustal velocity surface (contours in mm/yr) relative to 
Bangor, Maine. 

contoured in Figure I. Benchmark V8 in Bangor was arbitrarily 
assigned a velocity of 0 mm/yr, making the velocity values in 
Figure I relative to Bangor. 

In order to test the fit of the velocity surface, observed 
velocity differences between adjacent benchmarks were com
pared to predicted velocity differences, and root mean square 
(RMS) errors are tabulated for each segment of the state-wide 
level network in Table I . 

TABLE I. RMS ERRORS IN RELATIVE BENCHMARK VELOCITIES 

Line Location RMS Error mm/yr 

I Portland (south) to N.H. border 0.21 
2 Maine-N.H. border to Danville 0.69 
3 Danville to Portland 0.35 
4 Danville to Bangor 0.78 
5 Milo to Bangor 11.49 
6 Bangor to Calais 3.08 
7 Machias via Eastport to Calais 2.27 
8 Jackman to Danforth 2.36 
9 Fort Kent to Calais I.I I 
IO Ashland via Clayton Lake to 0.46 

Canadian border 
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As might be expected, the velocity surface does not fit 
uniformly well throughout the state. With the exception of line 
5, the largest velocity residuals are in the eastern part of the state, 
where the model predicts the largest velocities. These residuals 
must be attributed to random and uncorrected systematic errors 
in the level data and errors in the velocity model. Only those 
velocity contours which appear to be significant are shown in 
Figure 1. 

Horizontal Data 

In the spring of 1982 engineers from a consulting geology 
and soils engineering firm brought to the attention of the Maine 
Geological Survey what they believed to be evidence of recent 
horizontal crustal motion in the vicinity of Grand Falls Dam on 
the St. Croix River. The evidence was based on foundation 
problems encountered at the dam site and a resurvey of Interna
tional Boundary Commission (JBC) stations by a local surveying 
firm (Anderson, 1982). The movement was described as being 
as much as 11 feet since 1900. 

A study initiated at the University of Maine concentrated on 
existing geodetic stations located ten or more miles from the dam 
site (Tyler and Leick, 1985). If there is or has been horizontal 
motion of the magnitude suggested, a pattern of regional strain 
should emerge from the repeated observations on distant first 
order geodetic stations. A quadrilateral of first order triangula
tion stations Rye, Neal, Oak and Chamcook, shown in Figure 2, 
covers the site. These stations were first established between 
1857 and 1890 by the United States Coast and Geodetic Survey, 
now the National Geodetic Survey (NGS). Surveys were 
repeated in the region in 1859, 1887, 1890, 1917, 1928, 1946, 
and 1975. Unfortunately, these surveys were performed for the 
purpose of extending the control network rather than to monitor 
suspected crustal motion and no attempt was made to remeasure 
directions and angles that had already been measured. In 
August, 1983, three stations of the quadrilateral, Rye, Oak and 
Neal, were occupied on two consecutive nights with Macrometer 
Global Positioning System (GPS) receivers. Geodetic analysis 
of horizontal crustal motion must at this point rest on a com
parison of these three macrometer observations with the earlier 
triangulation surveys. 

Observations from the Macrometer, one of several survey
ing instruments developed to use the GPS for precise position
ing, are processed to produce estimates of vectors between 
simultaneously occupied stations. This is a fundamentally dif
ferent kind of observation than the triangulation originally 
employed to locate the first order stations, and any comparison 
must be done very cautiously. The salient points of the com
parison of the triangulation and GPS results are summarized 
below: 

I) In 1975 the distance between stations Neal and Oak was 
measured with a model 8 Geodimeter. The reduced mark-to
mark distance was 27,965.914 m. The adjusted 1983 Macro
meter distance between the two stations was 27,965.753 m, a 
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Figure 2. Map showing location of the Rye-Neal-Oak-Chamcook quadrilateral. 

difference of 0.161 m. The NGS estimates the standard error in 
the Geodimeter measurement to be 0.032 m. The estimated 
standard error of the Macrometer distance, based on a 1983 
survey of a twenty-station network in Germany using the same 
instruments (Bock and others, 1984) is I to 2 ppm or 0.045 m. 
If we accept these estimates of the standard errors of both 
measurements, we must reject the hypothesi s that the two 
measured distances are equal at the 5% confidence level. 

2) Geodetic latitudes and longitudes were computed with 
the NGS triangulation data and the Macrometer data. The 
lengths of geodesic lines between the three stations and the 
angles between geodesic lines were computed for each data set 
and the differences are shown in Figure 3 in the sense of Macro
meter minus NGS data. The NGS estimates that angle changes 
of 3.5 seconds are the maximum that should be expected with 
these data (McKay, 1984 ). McKay also mentions a scale prob
lem in the St. Croix area which cou ld cause consistent length 
errors of up to one-half meter. Both angle and distance differen
ces are significantly larger than can be explained by expected 
measurement errors. 

G1 = -1.08 x 10- 4 

G2 = 1.42 x 10-5 

Oak 

+ 1.872m 

Figure 3. Differences in distance and angles in the sense ofMacrometer 
( 1983) minus triangulation ( 1890) survey data. Strain shown is based 
on angles only. 
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3) Angles computed from Macrometer observations can be 
compared with observed angles from the triangulation data to 
obtain an estimate of shear strain, but not of dilation or rotation. 
Geodesic lengths may be compared to estimate dilation, but as 
noted above, there may be a regional scale problem in the 
triangulation data. F. C. Frank ( 1966) has developed a method 
of computing shear components of strain from the repeated 
observations of the three angles of a single triangle. Frank's 
method has been applied to the triangle Rye, Neal, Oak with the 
results shown in Figure 3. GI measures a pure shear correspond
ing to east-west elongation and north-south compression, and G2 
measures a pure shear corresponding to NE-SW elongation and 
NW-SE compression. Gm is the square root of the sum of the 
squares of G 1 and G2 and is the total shear strain. In this triangle 
G 1 dominates with a negative sign indicating extension in the 
north-south direction and compression in the east-west direction. 
The maximum extension occurs along a line with an azimuth of 
4 degrees from north. Because dilation cannot be deducted from 
the angle changes alone, a value of the maximum extension 
cannot be computed. 

In a triangle reasonably close to equilateral, as the Rye, Neal, 
Oak triangle is, an angular error of one second will produce an 
erroneous strain of as much as 9x l 0-6. The NGS estimates that 
3.5 seconds is the maximum error to be expected in the trian
gulation angles and the Macrometer observations should intro
duce angular errors considerably smaller than 3.5 seconds. The 
expected accumulation of error cannot explain the computed 
crustal strain. 

CONCLUSIONS 

Both the vertical and horizontal geodetic data reviewed 
indicate sign.i ficant crustal motion in eastern Maine. The relative 
vertical subsidence of up to 9 mm/yr indicated in the eastern 
region of the state can be attributed to: a) the accumulation of 
random errors, b) incorrectly modeled systematic errors, c) local 
movement and instability of individual marks, or d) crustal 
warping. The NGS estimates that random errors in a first order 
level line will be 1.5 ~L/.s mm for lines observed between 1917 
and 1955 and 1.0 (L) · mm for lines observed after 1955 where 
L is the length of the line in km. This could account for between 
I and 2 mm per yearofthe indicated subsidence. A considerable 
amount of geodetic literature has been devoted to the study of 
systematic errors or effects in level lines. While a detailed 
analysis of the Maine data to isolate systematic effects has not 
been done, it is possible that the systematic errors could be equal 
in size to the accumulated random error and thus account for 
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another l to 2 mm/yr. Locally unstable benchmarks will show 
spikes in the data but will not contribute to regional trends. 
Therefore, at least 5 mm/yr of the indicated relative subsidence 
would seem to be caused by crustal deformation. 

Horizontal data from a single triangle cannot yield enough 
information to provide unequivocal evidence of crustal deforma
tion. However, the Rye, Neal, Oak triangle shows an accumula
tion of strain which cannot be explained by expected random 
errors. While the horizontal motion indicated is not as great as 
that initially suspected at the Grand Falls Dam Site, the motion 
is large enough to be detected by future surveys using GPS 
technology. A network of 16 stations has been established in 
eastern Maine by the University of Maine and the NGS. The 
first set of observations on this network were accomplished in 
October, 1986. Future surveys of this network should define the 
pattern of crustal warping developing in eastern Maine. 
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ABSTRACT 

Information from several sources indicates that the eastern Maine coast is subsiding. Recent releveling surveys 
indicate a current rate of subsidence in eastern Maine as much as 9 mm per year relative to Bangor. The anomalously 
rapid rise in sea level accompanying the subsidence has led to shoreline erosion, landsliding, and submergence of 
archaeological sites and historical manmade structures. In situ stress measurements, well-bore breakouts, and 
earthquake focal mechanisms show that the maximum principal stress is horizontal, strikes N 80° E, and is correctly 
oriented to produce thrusting on north-south faults, right-lateral motion with minor thrusting on northeast and 
east-northeast faults, and major thrusting with left-lateral motion on northwest-striking faults. 

Maximum seismicity in Maine occurs in the subsiding zone which also includes the maximum (positive) gravity 
anomaly in the State. Epicenters are diffusety aligned with the Oak Bay fault which strikes N 20° W. Deflection of 
isobase lines drawn on ice-marginal deltas forms a trough whose axis strikes approximately parallel to the Oak Bay 
fault. An acceptable contemporary crustal deformation model should incorporate zones of contrasting rock density 
and intensity of fracturing, localized seismicity, east-west tectonic compression, and weak compression or extension 
in the north-south direction. 

INTRODUCTION 

Crustal subsidence in coastal New England has been recog
nized from first-order leveling surveys for more than 50 yrs (U.S. 
Department of Commerce, 1973; Tyler and Ladd, 1980). 
Geomorphic and cultural evidence suggest that subsidence has 
occurred over a much longer period, perhaps for 3,000 yrs B.P. 
(Thompson, 1973; Borns, 1980; Thompson and Kelley, 1983). 
After subtracting the calculated eustatic sea level rise, Thompson 
( 1973) used radiocarbon dates from basal salt-marsh peat at 
Addison, Maine, to show a sea level rise of about 4 m in the last 
3,000 yrs, with some indication that the rate of rise has been 
decreasing. 

Other methods used to detect crustal movement include 
submergence of colonial dikes on salt marshes and of harbor 
facilities, submergence of 3,000- to 5,000-yr-old Indian shell 
mounds, and changes of altitudes of glacial-marine deltas and 
beach deposits resulting in displacement of the postglacial-uplift 
isobases (Anderson and others, 1984 ). These authors report that 

crustal subsidence during historical times was greatest in the 
Machias-Eastport area. The amount of subsidence has been best 
established for the last 200 yrs during which time the sea has 
transgressed over manmade structures in coastal Maine. Most 
rapid present-day subsidence is located in eastern Washington 
County where a maximum relative rate of 0. 91 m per century has 
been measured (Tyler and Ladd, 1980). Between 1942 and 1966, 
subsidence in the area has been as much as 17 .5 cm (Tyler and 
Ladd, 1980). 

Less prominent subsidence has been identified in southern 
York County, Maine (Tyler and Ladd, 1980). Phenomena that 
may be associated with the subsidence in eastern Maine include 
localized seismicity, heavily-faulted dense bedrock, and tectonic 
stresses. 

Several economic effects of subsidence have been iden
tified; foremost are continuing coastal erosion and landsliding. 
In some coastal communities, historic harbor installations are 
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now under water at high tide. In Eastport, where the subsidence 
rate is 9 mm per yr, part of the harbor sank as a result of the March 
17, 1870 earthquake, and landslides occurred in nearby New 
Brunswick (Smith and Bridges, 1983). 

The purpose of this paper is to summarize structural and 
tectonic information in eastern Maine and to compare this data 
with earthquake information, in situ stresses, and gravity inter
pretations. 

REGIONAL GEOLOGY AND TECTONIC HISTORY 

Southeastern Maine is underlain by lower and middle 
Paleozoic sedimentary and volcanic rocks intruded by Devonian 
plutonic rocks, some of which have batholithic dimensions (Fig
ure l). There is little granite in the rapidly subsiding area 
between Machias and Passamaquoddy Bay, a fact which will be 
discussed in a later section. North and west from the coast in 
this area the percent of granite bedrock increases significantly 
(Gates, 1982; Ludman, 1982). Details of stratigraphy, structure, 
tectonic history and plutonism are given by Gates (this volume). 
The major faults are shown in Figure 1. Fault strikes in the 
subsiding zone are shown in Figure 2, and fault distribution is 
depicted in Figure 3. 

Joints and Microfractures 

Joints were recorded from exposures of granite at the field 
test sites (Figure 1), and microfractures were determined in the 
thin sections prepared from drill hole cores. Joints were desig
nated as major or minor primarily on the basis of continuity and 
ease of splitting, as recognized in quarries. The attitudes of 
major joints are similar at all sites: N 85° E, 80° SE; N 80° W, 
75° SW; and N 50° W, 82° NE. The joints are widely spaced (1 
to 5 m) and typically show little evidence of alteration or move
ment, although Dale ( 1907) noted movement along a N 56° E 
fracture. Faults are not numerous in the Devonian granites in 
eastern Maine. 

Sheeting fractures are encountered in all exposures of the 
granite. They generally conform to the surface topography and 
become thicker with depth, ranging from less than 2 cm to more 
than 2 mat a depth of 17 m. 

The metamorphic and volcanic rocks display numerous, 
closely spaced joints and small faults, usually without apparent 
pattern. The most common joint sets parallel the regional folia
tion (N 50°-60° E) and their spacing ranges from 0.2 cm to 0. 75 
m. 

Microfractures occur abundantly in granite from the test 
sites, and have been analyzed to determine their significance to 
the interpretation of regional deformation. An analysis of 
microfractures can provide clues regarding rock anistropy, 
deformability, and the possible correlation of micro- and macro
structures (Brace, 1965; Dula, 1981). In some instances, the 
relative ages of microfractures can be determined. In this study, 
microfractures include: (I) healed fluid-inclusion planes in 

210 

quartz grains, (2) open unlined microfractures occurring as short 
intragranular cracks to major transgranular features in all 
minerals, and (3) microfractures that are usually found in 
feldspar grains and lined with alteration products such as sericite, 
calcite, or iron oxide. Cleavage planes are often disregarded in 
a microfracture study, but if there appeared to be a mechanical 
loss of cohesion along a cleavage surface, especially in the case 
of a transgranular rnicrofracture paralleling a cleavage plane, its 
orientation was included in the compilation. Both vertical and 
horizontal thin sections were prepared, and microfracture fre
quency and orientation were obtained from two traverses along 
the length of the thin section. Fabric features were determined 
using a five-axis universal stage, and then plotted on the lower 
hemisphere of an equal area net as poles to their respective 
planes. Data from vertically oriented thin sections were rotated 
into the horizontal plane and plotted in the composite diagram 
(Figure 4). 

In addition to ubiquitous flat-lying sheeting fractures, the 
dominant orientations of microfractures are: N 76° E, 70° NW; 
N 46° E, vertical; and N 86° E, 24° NW. The N 46° E, and N 
86° E, strikes are parallel to planes of easy splitting at sites 2 and 
3, respectively. There is a marked dominance of steeply dipping 
N 45° E to east-west striking microfractures (Figure 4). This 
strike range of fractures is present on several scales (fault zones, 
joints, microfractures), and in all rock types it is the most 
prevalent discontinuity observed at the surface in eastern Maine. 

GRAVITY INFORMATION 

Several gravity studies of subsurface rocks in eastern Maine 
have been made at various scales (Kane and Bromery, 1968; 
Kane and others, 1972; Biggi and Hodge, 1982; Hodge and 
others, 1982). 

In their model of the regional gravity field in Maine, Kane 
and Bromery ( 1968) noted that the gravity values increase 
toward the coast in a steplike fashion from -6 mgals in the 
northwest to +40 mgals in easternmost Maine. Hodge and others 
( 1982) found that the depth of the density contrasts causing the 
steep northeast-trending gravity gradients is shallow with the 
basement becoming increasingly shallower toward the coast. 

Because gravity anomalies are directly related to the density 
of the rock below the location of measurement, maps showing 
Bouguer gravity anomalies are helpful in the evaluation of the 
thickness of plutons and the distribution of rocks of different 
densities. Gates (this volume) shows a belt of relatively high
density rocks (positive anomalies) trending northeasterly along 
the coast, and the eastern part of this belt approximately coin
cides with the area of most rapid subsidence (Tyler, this volume). 
According to Kane and Bromery (1968), the average densit~ for 
rocks in the coastal belt is 3.0 gjcm3

, whereas it is 2.65 gjcm for 
the belt to the northwest which contains a larger volume of 
granitic rocks than the coastal belt. 

High gravity values in the northeastern part of the coastal 
belt correspond to areas underlain by mafic rock, and the sharp 
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Figure 2. Strikes of 287 steeply dipping faults measured within 1350 
km2 area centered on A-A' in Figure I . 
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Figure 3. Faults counted within 1350 km2 area centered on A-A' in 
Figure I. Traverse trends N53°W, perpendicular to subsidence contours 
of Tyler and Ladd ( 1980) 

gravity gradients at the boundaries of the mafic masses in this 
area show that these rocks are the principal sources of the gravity 
highs (Kane and Bromery, 1968). These authors interpret 
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Figure 4. Lower hemisphere equal area diagram of poles to 438 
microfractures measured in thin sections taken from granite core 
samples from sites I, 2, and 3. Contoured on 0.4, 1.6, 4.0, 5.2, and 6.4 
percent per I percent area. 

gradient-amplitude relations to mean that contrasts in density 
(across the boundaries separating blocks of contrasting density) 
must take place at shallow crustal levels. 

Gravity modeling by Hodge and others ( 1982) indicates that 
the circular- to elongate-shaped exposures of the Jonesboro, 
Marshfield, and Meddybemps granitic plutons (sites 2, 3, and l , 
Figure l) join at depth to produce an elongate northeasterly 
trending batholith. This large granitic mass has an average 
thickness of approximately 3.5 km (Hodge and others, 1982, 
Table 3). 

EARTHQUAKE ACTIVITY AND FOCAL 
MECHANISMS 

Thirty-nine small earthquakes that occurred from 1976 
through 1984 in the Calais-Machias area were reported by 
Lepage and Johnston ( 1985). Twenty-three are concentrated in 
the western Passamaquoddy Bay (Figure 5) and range in mag
nitude from less than 1.0 to 3.9. Epicenters are more densely 
clustered in this area than elsewhere on the Maine coast. How-
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ever, insufficient information is available for these small tremors 
to calculate reliable focal mechanism parameters. 

Focal mechanisms reported for several adequately recorded 
earthquakes in central Maine, northeastern New York, and 
southeastern Canada are given in Table I. Several of the tabu
lated earthquakes have multi pie references. References with the 
most complete data have been used, which usually includes an 
interpretation of in situ stresses and type of faulting. The Blue 
Mountain Lake information is a composite solution of several 
events ("swarms"). The inferred stress directions indicate an 
east-west subhorizontal orientation of the maximum principal 
compression axes for the region. Focal depths range from 2 to 
15 km and fault motions are characteristically thrust and reverse 
(dip of fault plane is greater than 45°), although some have a 
significant strike-slip component. The principal exceptions to 
the inferred east-west maximum principal stresses are events 7 
and 10 at Otisfield, Maine, and Lake Fairlee, Vermont, where 
these stresses trend N 30° W and N 35° E, respectively. 

The largest earthquakes closest to the subsiding zone 
(events 2, 4, 6, 8, Table 1) suggest horizontal pressure axes 
oriented east-west, and would be consistent with thrusting on 
north-south striking fault surfaces. For event 4, Yang and Ag
garwal ( 1981) determined that the thrust surface strikes N 11° E 
and dips 48° NW. Ebel and McCaffrey ( 1984) analyzed the 1983 
Dixfield, Maine earthquake (event 6, Table I) and determined 
that the main shock showed thrust motion on north-south striking 
fault surfaces that dip 45° W. From a teleseismic analysis of 

event 2, Choy and others (1983) found that the direction of 
movement was updip on a west-dipping, north-northeast striking 
fault plane. According to these autho.rs, the steep dip (65°) of 
the inferred fault surface suggests that the earthquake occurred 
on a preexisting fault that at one time was a normal fault. 

These focal mechanisms are consistent with thrust motion 
on approximately north-south striking moderate to gently dip
ping surfaces with a horizontal east-northeast to east-west max
imum principal stress. A strike-slip component is also present 
on some fault surfaces. The 1982 Gaza, New Hampshire, 
earthquake (event 12, Table I) is exceptional in producing strike
s lip motion on a N 20° E - 80° SE oriented fault surface. 

Conside:ing the diversity of fault attitudes, ages of faulting, 
and variety of rock types in northeastern New England and 
adjacent Canada, the consistency of pressure axes of focal 
mechanism solutions is good. 

IN SITU STRESSES 

In situ measurements of rock stress were made in the sub
siding zone at the three sites shown in Figure I. Because of the 
intensity of fracturing and scarcity of granitic rocks in the most 
rapidly subsiding zone, a suitable site could not be located there. 
If all three test sites are located in the same northeasterly elon
gated, partially buried granite pluton, then regional significance 
may be attributed to a discussion of in situ stresses and contem
porary rock deformation. The composition of the rocks at the 

TABLE t. EPICENTER AND SOURCE DATA FOR EARTHQUAKES £N NORTHERN NEW ENGLAND AND SOUTHEASTERN CANADA 
(Leaders(---) indicate data missing; R=rcverse; T=thrust; SS=strike slip; H=horizontat) 

Maximum Minimum Dist. Type 
principal principal from of fault 

Event Geographic Date Lat. Long. Depth Magni- stress axis stress axis Machias, move- References 
No. region (°N) (°W) (km) tude Az1mutli Plunge Az1mutli Plunge ME(km) mcnt 

La Matbaic, Quebec 6/30n4 47.7 69.8 15 *2.0 N86°W S°N N4°E 83° s 390 R Leblanc and Buchbinder 
(1977) 

2 Miramichi, 1/9/82 47.0 66.6 6-10 5.7 E-W H N-S 70° s 250 RISS Adams and Wetmilter 
New Brunswick (1983) ;Hasegawa (1983); 

Choy and others (1983) 
3 Maniwaki, Quebec 1mns 46.3 76.1 17-19 4.3 NS0°E 19°N N40°W 695 RISS Homer and others ( 1975) 
4 Maine-Quebec 6/15m 45.28 70.97 7 4.8 N77°E H Nl3°W 90° 286 T Yang and Aggarwal (1981) 
5 Altona, NY 6!9ns 44.9 73.67 10 4.2 N73°E 8°N Nl7°W 84°S 518 R Aggarwal and others ( 1977) 
6 Dixfield. ME 5/29/83 44.51 70.41 1.8-2.4 4.4 E-W H N-S 90° 235 T Ebel and McCaffrey ( I 9S4) 
7 Otisfield, ME l/4nB 44.04 70.51 3 3.2 N30°W 30°N N70°W 70°S 256 R Graham and Chiburis (19SO) 
8 Bath, ME 4/18n9 43.85 69.76 3 4.0 E-W H N-S 900 199 T Pulli and Toksoz (19Sl) 
9 Blue Mountain 5nnt 43.88 74.33 2-3 3.1-3.6 N71°E IS0N Nl9°W 73°S 515 T Sbar and Sykes ( 1977) 

Lake, NY 
I 0 Lake Fairlee, VT s1sm 43.S6 72.26 6 2. 1 N35°E 30°N NSS°W 35°S 398 RISS Graham and Chiburis ( 1980) 
11 Boonville, NY 6/6/80 43.60 75.10 2 3.5 N75°E 10°N N42°E S0°S 650 T Pulli and Toksoz (1981 ) 
12 Gaza, NH 1/19/82 43.52 7 1.61 3 4.6 N65°E H N2S°W 900 357 SS Pulli, J. J. (written commun., 

19S4) 
13 Hopkinton, NH 12125m 43.19 71.65 3.2 N76°W 15°N N-S 35°S 3SJ T/SS Graham and Chiburis 

(1980) 
14 Candia, NH 4/23n9 43.04 71.24 2 3.1 E-W H N-S 900 350 T/SS Pulli and Toksoz (1981) 

Average NS3°E 10°N Nl4°W 74°S 

*Largest of 35 events over a 7-week period. 

214 



Geomechanical aspects of subsidence in Maine 

OUARTZ 

0 

0 

POTASSIUM FELDSPAR 

O JONESBORO 
6 ltlARSHFELD 
o lifEOOYBEMPS LAKE 

/tU.GIOCt.ASE 

Figure 6. Modal analyses of granite from three field sites. Samples 
from Meddybemps Lake (site I) contain some admixing of more basic 
country rock. 

test sites is shown in Figure 6. The slightly more mafic composi
tion of the granite at s ite l is caused by local mixing of gabbroic 
country rock (Amos, 1963). On the basis of similarity of the 
petrographic characteristics, this author determined that the 
granites belong to the same plutonic complex and were probably 
emplaced during a relatively short time interval. This conclusion 
agrees with the similar 403-407 m.y. age determinations of four 
granites in southeastern Maine (Faul, 1960). 

The objectives of the stress-measurement program were as 
follows: 

I. Determine directions and magnitudes of principal 
horizontal stresses. 

2. Measure vertical rock stresses and compare results with 
vertical gravitational stresses. 

3. Compare shallow measurements of horizontal rock stres
ses with stress directions inferred from earthquake focal 
mechanisms. 

4. Suggest potential subsidence mechanisms. 

Results of Stress Measurements 

Several factors affect shallow rock stresses, the most impor
tant of which are temperature, topography, rock fabric, and 
geometric stress concentrations from quarry walls and corners. 
These factors were carefully considered in site selection, and 
drill holes were located in areas of subdued topography on 
bedrock surfaces distant from rock walls, faults, and fracture 
zones. The most severe diurnal and annual temperature changes 
occur in the upper 3 to 4 m of a rock mass (Hooker and Duvall, 
1971 ). Therefore, the deepest measurements at the three sites 

(average of 5.03 m) are regarded as the most reliable. No rock 
mass is devoid of fractures; hence, the influence of faults, joints, 
and microfractures on strain relief should be examined. Except 
at site I, joints are so widely spaced that they were not en
countered in the boreholes and should have a negligible effect 
on the measurements. The joints were commonly tightly closed 
with no alteration. The influence of micro fractures on horizontal 
strain-relief measurements could cause directional differences in 
Young 's modulus (stiffness). The ratio of maximum to mini
mum stiffness in the horizontal plane for the deepest measure
ment at each site is: site 1, l.16; site 2, 1.15; and site 3, 1.11. 
Except at site 2, the direction of maximum s~ffness coincides 
with the major microfracture directions (Figure 4; Table 2). At 
site 2, the only identified structural fabric element, which is close 
to the maximum stiffness direction, is a 2 m-thick aplite dike 
which strikes N 5° E, and dips 75° NW. The stiffness anisotropy 
(average ratio of l.14 for the deepest measurement) is over
whelmed by the ratio of maximum to minimum horizontal 
stresses (average ratio of7.4). Therefore, the strongly deviatoric 
horizontal stresses, as reported, are little affected by stiffness 
variations but mainly controlled by the far-field regional stresses. 

Horizontal stresses were determined at all three sites by the 
stress-relief overcoring method using the U.S. Bureau of Mines 
borehole gage in vertical holes (Hooker and Bickel, 1974). In 
addition, vertical stresses were measured in a horizontal 
borehole at site 2. Three horizontal displacement measurements 
were made in vertical holes at each site at depths ranging from 
0 .95 to 6.4 m. As expected, Young's modulus values are lowest 
at site I and highest at site 2, where the rock is most massive 
(Table 2). 

Maximum principal horizontal stress directions range from 
N 56° E, to N 85° W, and average N 79° E. The minimum 
principal horizontal stress directions range from N 5° E, to N 34° 
W, and average N 11° W. Stress magnitudes were greatest at site 
2 in the Jonesboro Granite where a maximum value of 14.01 MPa 
was obtained at a depth of 6.4 m. Lowest maximum principal 
stress magnitudes were found at site I , where three measure
ments averaged only 1.39 MPa. At this site, tensile stresses were 
measured at shallow depths (Table 2). The horizontal stress 
deviator, or difference in the horizontal principal stresses, is 
shown in Table 2. Significant stress deviation may be an indica
tion of potential instability along fracture surfaces due to the 
presence of shear stresses. 

The vertical stress was measured in a wall of the quarry at 
site 2 in a subhorizontal hole (+3°) at a distance of 4 m from the 
collar. The vertical rock column above the measurement posi
tion is approximately 6 m, which corresponds to a vertical 
gravitational stress of0.14 MPa. This is in good agreement with 
the measured value of 0.11 MPa. This measurement suggests 
that near the earth 's surface , the minor principal stress (least 
compression) is vertical and the maximum and intermediate 
principal stresses are horizontal. 

The approximate east-west maximum horizontal compres
sion that was calculated from our stress-relief overcoring meas-
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TABLE 2. lN SITU STRESSES MEASURED IN THE SUBSIDENCE ZONE 

Maximum principal Minimum principal Mean Stress Average Direction of 
Site No. horizontal stress horizontal stress horizontal deviator Young's maximum 
a1 +a2 Depth (0"1) (0"2) stress (O"J - 0"2) modulus Young 's Rock 
- 2- (m) (MPa) (Strike) (MPa) (Strike) (MPa) (GPa) modulus type 

3.9 0.08 N78°E -3.82 N 12° W -1.87 3.92 27.9 N 80° E Granite 
4.3 -0.12 N84° E -2.11 N6° W -1.12 1.99 33.6 N70°W Gneissic granite 
5.2 4.20 N 66°E 0.29 N24°W 2.25 3.91 30.8 N80°E Gabbro 

Average 4.5 1.39 N 76° E -1.88 N t4°W -0.25 3.27 30.8 E-W 
2 3.45 12.03 N 85° E 3.25 N 5°W 7.64 8.87 5 1.2 N 10°w Granite 

4.19 10.95 N87°E 2.53 N2°W 6.74 8.42 50.7 N I0°W Granite 
6.45 14.01 N85°W 2.45 N 5° E 8.23 11.56 50.1 N 10°W Granite 

Average 4.7 12.33 N 89°E 2.74 N 1° w 7.54 9.59 50.7 N J0°W 

3 0.95 11.67 N 56° E 5.15 N34°W 8.41 6.52 29.9 N70°E Granite 
2.97 8.96 N82° E 3.43 N8° W 6.20 5.53 34.3 N 70°E Granite 
3.43 10.26 N 78° E 5.25 N t2°W 7.76 5.01 34.7 N80°W Granite 

Average 2.45 10.30 N 72° E 4.61 N t8°W 7.46 5.69 32.97 N80°E 

Average 
for sites 

1-3 3.87 8.01 N79°E 1.82 N tt 0 W 4.92 6. 19 38.13 

Note: Site locations are shown on Figure I. Negative values denote tensile stresses. 

urements is in good agreement with the orientation of tectonic 
forces estimated by other methods. An east-west horizontal 
principal compression is also shown from an analysis of well 
bore breakouts (sidewall spaUing in near-vertical holes) in six 
deep wells in the Georges Bank (Zoback and others, in press; R. 
L. Dart, written commun., 1985). Further evidence of east-west 
compression was obtained by Tyler and Leick (1985; this 
volume) from a geodetic survey in the Calais area. These authors 
obtained first order accuracy using macrometer-satellite distance 
measurements. Their comparison of 1983 values with 1890 
triangulation survey data indicates a strong possibility of sig
nificant crustal motion although the data are not sufficient to 
provide unequivocal evidence of crustal deformation. 

The stress-resolution procedure of Swolfs ( 1984) is helpful 
in estimating the sense of potential fault movement. This proce
dure utilizes a triangular diagram on which the three principal 
stresses are represented by a single point that designates the 
preferred mode and orientation of faulting (Figure 7). Pore
water pressures in the massive, practically impermeable granites 
are considered to be low so that the total stresses (S 1, S2, and S3) 
are approximately equal to the effective stresses ( cr1, cr2, and cr3). 
The measured stresses plot in the thrust faulting section of the 
diagram (SySxSz). If the vertical stress (Sz) increases with 
depth relative to the minimum horizontal stress (Sx), as has been 
observed at several locations in the depth range < 1 km to 5 km, 
a component of strike-slip motion will be present on appropriate
ly oriented faults (Swolfs, 1984). This is shown by the dashed 
line on Figure 7. A component of strike-slip motion was reported 
for several of the events listed in Table I. 
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Figure 7. Triangular stress diagram showing structural definition of six 
panels in terms of the preferred mode and orientation of faulting (after 
Swolfs, 1984). The average stresses from Table 2 are plotted in percent 
along the appropriate total stress sides (SySxSz). A thrust-faulting 
regime is indicated. Dashed line is explained in text. 
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DISCUSSION AND CONCLUSIONS 

The nature and origin of tectonic forces along continental 
margins has been inferred from geophysical and geomorphic 
data. For example, Yang and Aggarwal ( 1981) found that the 
parallelism between the maximum principal horizontal stress, 
determined from focal plane mechanisms, and the age gradient 
of oceanic lithosphere spreading, was parallel to the gradient of 
offshore magnetic anomalies determined by Pitman and others 
(1974). Intraplate movements near the Atlantic margin of the 
northeastern United States may be generated by an east-west 
horizontal compression reflecting the gravitational drive acting 
at the continental margin, owing to horizontal density variations 
in the oceanic lithosphere as it cools and moves away from 
spreading centers (Yang and Aggarwal, 1981 ). The stress 
generated by this gravitational force was modeled by these 
authors to be in the direction of absolute plate motion, of less 
than a few hundred bars magnitude (<20 MPa) and could be 
readily modified by local effects. Heller and others (1982) stated 
that the regional tectonic regime along the United States Atlantic 
margin has been consistent since rifting (mid-Mesozoic), but 
they could not identify the driving force of episodic Cenozoic 
subsidence. 

Crustal loading from dense, thick volcanic rocks, fracturing, 
and the orientation of tectonic stress directions relative to 
Acadian or Taconic faults are factors that could facilitate sub
sidence in eastern Maine. The decrease of subsidence to the 
northwest inland from the coast coincides with the decreases in 
rock density and severity of fracturing in the same direction. At 
shallow depths, the contemporary maximum horizontal stress (N 
79° E) is correctly oriented to produce "pure" thrust on north
south faults, right-lateral motion with minor thrusting on north
east and east-northeast faults, and left-lateral motion with major 
thrusting on northwest -striking faults. Seismicity is a maximum 
in Maine in the area of maximum subsidence, and epicenters also 
show a diffuse pattern along the Oak Bay fault (Figure I). The 
abrupt change in elevations of glaciomarine ice-marginal deltas 
and wave-cut terraces in eastern Maine (Thompson and others, 
this volume) has produced a deflection of isobases which also 
suggests that subsidence may be controlled by north and 
northwesterly striking faults. Alternatively, this deformation 
could be accounted for by sharp flexing. In the vicinity of the 
Oak Bay fault, the isobases delineate a trough whose axis is 
approximately parallel to the fault. Contemporary subsidence 
contours in New Brunswick and Nova Scotia trend north to 
northwest (Lambert and Vanicek, 1979), which suggests that 
northerly striking structures may be involved. 

Neotectonic regional crustal behavior in eastern Maine and 
adjacent Canada is not sufficiently well understood to quantify 
the role of individual structural e lements or blocks in the current 
subsidence. An acceptable qualitative model for crustal sub
sidence in eastern Maine should incorporate zones of contrasting 
rock density, intensity of fracturing, and localized seismicity in 
addition to tectonic compression directed east-west, and weak 

compression or extension in the north-south direction. It is clear 
that future leveling should reconcile present differences in crus
tal -velocity contour magnitude and trend across the national 
boundary. Additionally, future research should include estab
lishing a portable microseismic array in the area of most rapid 
subsidence in order to evaluate more accurately local fault 
activity at shallow depths. 
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ABSTRACT 

The earthquake activity of Maine appears to be similar to that of other parts of the Appalachian province. The 
recent seismicity is generally occurring in the same areas which were active historically. Eastern, central, coastal, 
and western Maine have most of the earthquakes and are the areas where the largest known events have occurred. 
Return times estimated from recent instrumental data for earthquakes of magnitudes 5, 6, and 7 are about 50 years, 
350 years, and 2600 years, respectively, in the state. While the earthquakes probably are caused by reactivations 
of old zones of weakness in the present plate tectonic stress field, no individual faults or other structural features 
have been confirmed to be seismically active. 

INTRODUCTION 

Earthquake activity in the State of Maine is quite typical of 
that in the northern Appalachian region of northeastern North 
America as well as of that from other intra plate regions at passive 
continental margins. The seismicity in the state is characterized 
by a relatively low but steady rate of earthquake occurrence and 
by a generally widespread pattern of epicenters, though there are 
regions in Maine where more localized clusters of events occur. 
Most of the earthquakes are of small magnitude, although oc
casional events with more significant sizes, including some that 
have been damaging, have taken place (Ebel, 1984 ). Those 
larger earthquakes have been felt over very wide areas, a char
acteristic common to events throughout all of eastern North 
America (Street, 1976). 

The causes of the earthquakes in Maine are understood only 
in the most general sense. While the seismic activity must be 
related in some way to the past and present tectonic evolution of 
the North American plate, the particulars concerning the 
earthquake causes have not been worked out. No surface fault
ing has been observed in association with modern earthquakes 
in the state, although this is not surprising given the small and 
moderate magnitudes of the events which have occurred. Fur
thermore, there are no clear correlations of the earthquake 

epicenters with either local or regional geologic features (Ander
son and others, 1984; Ebel, 1985). Thus, the identification of 
those geologic structures which are most prone to future 
earthquake activity is a speculative exercise at present. Even so, 
the existence of the persistent earthquake activity is evidence that 
neotectonic deformations must be occurring in the crust in 
Maine. 

NATURE OF THE EARTHQUAKE RECORD 
OF MAINE 

Written records of historic earthquakes and instrumental 
recordings of modem events are the two primary sources of 
information concerning earthquake activity in Maine. A number 
of catalogs of historic earthquakes from northeastern North 
America have been assembled, including those of Bloxsom 
(1975), Brigham (1871), Brooks (1960), Chiburis (1981), Heck 
and Eppley ( 1958), Mather and Godfrey ( 1927), and Smith 
( 1962, 1966). While the original sources for these compilations 
are newspaper reports, diary and journal entries, scientific pub
lications and unpublished written records, many of those who 
put together the later catalogs of earthquakes relied heavily on 
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the earlier published lists. There are probably many errors, both 
of commission and of omission, in these published compilations. 
Recent efforts to verify and improve these catalogs have been 
made by Nottis (1983), Silverman (personal communication, 
1984), and Smith and others (this volume). These investigators 
have uncovered a number of historic earthquakes not included 
in any of the published catalogs, and Nottis (1983) has also 
determined that some events included in the catalogs either were 
not earthquakes or did not exist at all. 

There may be a substantial error associated with the 
epicenters of some of the historic earthquakes, since the pin
pointing of the location depends upon identifying the locality 
where the strongest shaking was experienced. This is obviously 
a tenuous process in areas of low population density. Chinnery 
and Rogers (1973) estimated that historic earthquake locations 
could be in error by 20 km or more. The sizes of the events can 
be estimated from the maximum epicentral intensity (Chiburis, 
1981) or the felt area (Street and Lacroix, 1977). In either case, 
the population distribution and density play an important role in 
determining the error in the estimation of event sizes. 

While instrumental monitoring of seismicity began in north
eastern North America shortly after the turn of the century, the 
earliest seismic station installed in Maine was operated near East 
Machias from 1932 to 1940 by the Massachusetts Institute of 
Technology (Poppe, 1980). Colby College installed a seis
mograph in 1951, primarily for teaching purposes (Poppe, 1980). 
In the early 1960's, Weston Observatory of Boston College 
installed stations at East Machias (EMM), Milo (MIM), and 
Caribou (CBM) in Maine, and Teledyne Geotech installed 
LRSM stations for the VELA-Uniform project at Bangor 
(BGME) and Houlton (HNME). By 1968, funding had ended 
for almost all of these stations and only the Houlton site remained 
operative. In the mid-1970's, the modem regional seismic net
work was installed by Weston Observatory, with a maximum of 
18 stations being operative in the state around 1980. The present 
configuration of the network in Maine is shown in Figure 1. The 
data from these stations are presently being telemetered to Wes
ton Observatory in Weston, Massachusetts, where they are com
bined with other regional data before being scanned for all 
earthquake activity. 

All of the earthquake epicenters computed using this 
modem network are accurate to within I 0 km and many are 
within 5 km of the true location (Ebel, 1984). While depths are 
less well constrained, they probably all lie within 15 km of the 
earth's surface and many are probably much shallower (Ebel, 
1984). The magnitudes are well determined for these modern 
events (Ebel, 1985). Reports on the present seismicity are pub
lished in the quarterly Northeastern U.S. Seismic Network 
(NEUSSN) bulletins by Weston Observatory. From 1935 to 
1950, epicenters of regional earthquakes, including those from 
Maine, were published also at Weston Observatory by the North
eastern Seismic Association (NESA). No magnitudes were com
puted by NESA, and epicenters are probably accurate only to 
within 10 km for the events located by NESA in Maine. 
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HISTORICAL SEISMICITY 

The record of earthquake activity in Maine prior to the 
mid-1800's is very sparse. Undoubtedly this was due to the small 
population of the state and the paucity of original records avail
able from that time period (Leblanc and Burke, 1985). By the 
end of the 1800's the earthquake record becomes more extensive 
and therefore more complete. About 200 earthquakes are known 
to have taken place in Maine before I 975 when the NEUSSN 
began its reporting. Several of these were of sufficient strength 
to cause some damage, primarily to chimneys, glass, etc., near 
the epicenters. The largest earthquake recorded in Maine to date 
occurred on March 21, 1904, and was centered in easternmost 
Maine near the town of Eastport (Reid, 1911). It caused 
Modified Mercalli intensity VII shaking at towns near the 
epicenter, and it was felt throughout the entire state. Leblanc and 
Burke ( 1985) have argued that the October 22, 1869 earthquake, 
reported by Chiburis ( 1981) to have been in the Bay of Fundy, 
also occurred in this same area and had a maximum epicentral 
Modified Mercalli intensity of VI. Leblanc and Burke ( 1985) 
have estimated the Lg wave magnitudes (see Nuttli, 1973, for a 
definition of this magnitude scale) of the 1904 and 1869 events 
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Figure 1. Map showing locations of Weston Observatory New England 
Seismic Network stations in Maine. Station codes are: AGM - Al
lagash; BPM - Bucksport; CBM - Caribou; EMM - East Machias; HKM 
- Hinckley; HNME - Houlton; JKM - Jackman; MIM - Milo; PQ0 -
Cooper Hill ; PQI - East Ridge; TRM - Turner 
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to have been mbJg = 5.9 and mbJg = 5. 7 respectively. Earthquakes 
in Maine with Modified Mercalli intensity VI shaking at the 
epicenters occurred near: Lewiston on December 23, 1857 
(estimated mbJg = 3.8); Sabbatus on July 15, 1905 (estimated 
mb1g = 4.6); Eastport on December 11, 1912; Bridgton and 
Norway on August 21 , 1918; Milo on February 8, 1928; 
Houghton on October 5, 1949 (mbJg = 4.4); Portland on April 26, 
1957 (mblg = 4. 7); and the New Hampshire-Quebec-Maine bor
der on June 15, 1973 (mbJg = 4.8). Many of these larger 
earthquakes were accompanied by some aftershocks, as were 
some of the smaller historical events. Foreshocks, multiple main 
shocks, and swarms of earthquakes also show up in the historic 
record. A notable swarm of earthquakes took place near Augus
ta, Maine, on July 1, 1967. The largest event in this swarm had 
a magnitude of 3.4. 

RECENT SEISMICITY 

Since the inception of modern seismic instrumental 
monitoring in 1975, all earthquake activity down to magnitude 
2 has been recorded (Ebel, 1984), and in many areas the com
pleteness threshold may be as low as magnitude 1.5. During that 
time period the most significant earthquakes in Maine occurred 
near: Bath on April 18, 1979 (Mc= 4.0; maximum Modified 
Mercalli intensity V); Dixfield in 1983 (Mc = 4.4; maximum 
Modified Mercalli intensity V); and Machias in 1984 (Mc = 3.6). 
(Mc is a magnitude scale based on the duration of the coda waves 
of an earthquake. It is defined in the NEUSSN bulletins and is 
calibrated to be equivalent to the mblg magnitude scale.) None 
of these earthquakes caused damage, but all were widely felt 
throughout the state. The 1984 event was one of five events with 
magnitudes greater than 3.0 which took place in the area west of 
Passamaquoddy Bay in eastern Maine. This widespread swarm 
represented one of the largest releases of seismic energy in Maine 
during the recent monitoring period. The Bath and Dixfield 
earthquakes were followed by only a few aftershocks each and 
were studied by Ebel ( 1983) and Ebel and Mc Caffrey (1984 ), 
respectively. In 1982, a series of earthquakes occurred which 
were centered in the Miramichi region of New Brunswick. The 
largest of these shocks, mb = 5.7, was felt throughout the entire 
state of Maine and caused some minor damage in the eastern part 
of the state in Aroostook and Washington Counties (Stevens, 
1983). The main event was followed by a protracted aftershock 
sequence of several thousand instrumentally recorded events 
(Wetmiller and others, 1984 ). A map of all earthquakes in Maine 
from 1534 to 1985 is shown in Figure 2. 

As has also been noted for the northeastern United States as 
a whole (Ebel, 1985), the modem instrumentally-recorded 
earthquakes in Maine are occurring preferentially in the same 
areas where the highest concentrations of historic seismicity 
have been recorded. The eastern, central, and southwestern parts 
of the state show locally high activity in both recent and historic 
time. 

EARTHQUAKE RECURRENCE TIMES 

Ebel (1984) published a recurrence curve and mean return 
times for earthquakes in New England based upon the seismicity 
between magnitude 2 and 4.5 from October, 1975, through 
November, 1982. From the New England recurrence relation 
and the assumption that earthquake activity is relatively evenly 
spread over the entire region, an earthquake recurrence curve for 
Maine can be calculated by multiplying the New England recur
rence curve intercept by the fraction of the total area of New 
England represented by Maine. The resulting annualized recur
rence curve is 

log N (per year) = 2.48 (± 0.06) - 0.84 (± 0.03) Mc ( 1) 

where N is the number of earthquakes equaling or exceeding 
magnitude Mc in a given year. This can be compared to the 
recurrence curve derived from seismicity within the state of 
Maine for the time period from October, 1975, through June, 
1986, which is 

log N (per year)= 2.79 (± 0.029) - 0.89 (± 0.014) Mc (2) 
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Figure 2. Map showing the locations of earthquakes that occurred in 
Maine during the period 1534-1985. Also shown are focal mechanisms 
for some of the larger recent events: I - January 19, 1984; 2 - April 18, 
1979; 3 - October 29, 1978; 4 - January 4, 1978; 5 - May 29, 1983; 6 -
January 15, 1973. The focal mechanisms are lower hemisphere projec
tions with the compressional quadrant black 
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By linear extrapolations of these relations to larger mag
nitudes, the mean return times of larger earthquakes in the state 
can be estimated (Table 1). The similarity of the return times for 
these two different, but overlapping, data sets suggests that the 
rate of earthquake occurrence in Maine is similar to that in New 
England as a whole. The return times also indicate that a 
potentially damaging earthquake of magnitude 5.0 or greater 
might be expected to recur in Maine approximately once every 
50 years. The specific locations of the events used in the recur
rence curve analysis have been ignored. Therefore, the values 
in Table 1 are appropriate for earthquakes occurring anywhere 
within the state and do not represent the return times at a 
particular locality. Also, the accuracy of the values in Table I 
depends upon the appropriateness of the extrapolation of the 
1975-1982 data set to longer time periods and larger magnitudes. 
Ebel ( 1984) has given arguments to justify this extrapolation, 
although he also pointed out that the time period used to compute 
these recurrence curves may have been more seismically active 
than the longer-term average. Thus, it is possible that the return 
times in Table I underestimate the actual mean return times for 
larger events. 

EARTHQUAKE SPATIAL PATTERNS 

It is obvious from an inspection of Figure 2 that the seis
micity is not spread uniformly across the state but that there are 
areas of locally higher activity. In particular, the coastal areas, 
the western part of the state, and an area in the center of the state 
near Dover-Foxcroft have been regions with relatively more 
seismicity and where the largest earthquakes to date have been 
recorded. Ebel ( 1984) noted that the embayments along the 
coast, Passamaquoddy Bay, Penobscot Bay, and Casco Bay, have 
experienced persistent and relatively more significant seismicity 
in both historic and more recent times (Figure 3 ). However, even 
the more remote northern part of the state has not been totally 
free of earthquake epicenters, especially since the modem seis
mic network became operational. Earthquakes too small to be 
felt, or with epicenters away from population centers, have been 
detected and located in this region by the modem network. It is 
quite likely that the historic seismicity of this part of the state is 
highly underestimated due to its remoteness and sparse popula
tion. Thus, the entire state appears to be susceptible to at least 
minor earthquake activity. 

RELATIONSHIP OF SEISMICITY 
WITH STRUCTURE 

The spatial variations in the occurrences of earthquakes in 
Maine suggests that there may be some controlling relationship 
between the earthquake activity and geologic or tectonic struc
tures. However, when examined on a finer scale, no strong 
correlation between the seismicity and any particular structure 
can be found. The earthquakes do not tend to follow the major 
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TABLE I. ESTIMATED RETURN TIMES FOR 
EARTHQUAKES rN MAINE. 

Magnitude 4.6 5.0 5.5 6.0 6.5 

Return Time 

7.0 

(inyrs.) from 24±5 52±11 138±31 363±87 955±244 2512±678 
equation ( I) 

Return Time 
(inyrs.)from 20±2 46±5 127 ± 13 355±42 989±119 2754±350 
equation (2) 

faults in the state, nor do they preferentially concentrate along 
known or proposed tectonic boundaries. The area of active 
major subsidence reported by Anderson and others (1984) in 
eastern Maine at Passamaquoddy Bay does have seismicity 
associated with it, including the 1869 and 1904 earthquakes 
noted above. However, the earthquakes recorded by the modem 
seismic network are spread throughout the subsiding area (Fig
ure 4) and do not appear to correlate with any of the locally 
mapped faults. Furthermore, Reilinger and others ( 1986) have 
argued that the subsidence rate there is much smaller than that 
claimed by Anderson and others ( 1984 ), thus calling into ques
tion the apparent relationship between a strong local deformation 
and earthquake activity. 

Detailed analyses of the locations of the April 18, 1979, Mc 
= 4.0, Bath earthquake (Ebel, 1983) and the May 29, 1983, Mc 
= 4.4, Dixfield earthquake yielded ambiguous correlations be
tween the earthquake epicenters and locally mapped faults. In 
the case of the Bath earthquake, Ebel ( 1983) noted that the main 
shock epicenter was quite close to the Phippsburg Fault inferred 
by Hussey ( 1981) but that the aftershocks were located on a 
strand of the Cape Elizabeth Fault. The focal mechanism of the 
main shock, which showed east-west compression on a north
south fault plane, is at odds with the strike of the Cape Elizabeth 
Fault but consistent with the trend of the Phippsburg Fault 
(Figure 5; see Figure 2 for the focal mechanism). The main 
shock and aftershocks of the Bath, Maine, earthquake cannot be 
clearly ascribed to either the Phippsburg Fault or Cape Elizabeth 
Fault but are more consistent with the location and trend of the 
Cape Elizabeth Fault. In the case of the Dixfield event, the 
well-resolved location of an aftershock coincided closely with 
the hypocenter of the main shock, verifying the main shock 
location (Figure 6; Ebel and McCaffrey, 1984). This location 
does not place the events on any mapped geologic fault, although 
Ebel and McCaffrey (1984) note that the shocks may be indica
tive of an unmapped fault at the main shock epicenter (Figure 6; 
see Figure 2 for the focal mechanism). 

CAUSES OF EARTHQUAKE ACTIVITY IN MAINE 

While a number of different mechanisms have been 
proposed to explain the causes of earthquakes in eastern North 
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Figure 3. Map showing interpreted areas of significant earthquake activity in New England (modified from Ebel, 1984). 

America, most of these rely on the present configuration of plate 
motions as the major source of regional stress. The simplest idea 
to explain this intraplate seismicity is that the present plate 
tectonic stress field is reactivating pre-existing zones of weak
ness in the crust (Sykes, 1978). The Appalachian region of 
northeastern North America is riddled with numerous large and 
small-scale faults due to past episodes of tectonic rifting and 
convergence (Bird and Dewey, 1970; Keppie, 1985; Sykes, 
1978). These faults are preserved in the crust today, and perhaps 

some of them are being reactivated in the modem stress field. 
Campbell ( 1978) and Kane ( 1977), on the other hand, argued that 
plutonic bodies could concentrate stress near their edges if they 
lie in a regional stress field. Stein and others ( 1979) claimed that 
postglacial rebound may account for some northeastern North 
American seismicity, while Chase ( 1979) proposed that as
thenospheric counterflow could explain intraplate seismicity. 
These and other causes of eastern seismicity are discussed by 
Zoback and Zoback ( 1981 ). 
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Figure 6. Main shock (large diamond), aftershock (small diamond), and portable seismic station locations (triangles) for the May 
29, 1983, Dixfield, Maine earthquake. The stippled areas indicate locally elevated topography. This figure is from Ebel and 
Mccaffrey (1984). 



The seismicity of Maine 

The orientation of the stress field in Maine as well as 
throughout New England provides the strongest constraint upon 
the possible models to explain the cause of the earthquakes in 
the state (Figure 2). Graham and Chiburis ( 1980) and Pulli and 
Toksoz (1981) presented a number of focal mechanisms of 
earthquakes in New England. Other focal mechanisms have 
been published by Ebel ( 1985). Gephart and Forsyth ( 1985) 
showed that all of the New England focal mechanisms, while 
displaying a great deal of scatter, are statistically consistent with 
an east-west to northeast-southwest oriented maximum com
pression. This maximum stress direction was also found by Lee 
(this volume) for the Passamaquoddy Bay area from borehole 
stress measurements. However, this maximum stress direction 
near Passamaquoddy Bay conflicts with a north-south oriented 
maximum stress reported by Foley and others (1984) and Ebel 
( 1985) for an earthquake in that area. The hypocenter for that 
earthquake was about 12 km deep, whereas the borehole meas
urements reported by Lee (this volume) were taken at depths of 
0.95 to 6.4 m. It is not clear why there is such a strong difference 
between the stress directions found from the surface stress meas
urement and the deeper earthquake focal mechanism at this 
locality. 

The average orientation of the regional stress field closely 
matches that predicted from present plate motions (Richardson 
and others, 1979; Yang and Aggarwal , 198 1 ). This strongly 
supports the notion that structures are being activated or reac
tivated in the present stress field. However, there is no strong 
correspondence between the earthquakes and plutons, nor do the 
well-located earthquakes identify any particular faults which are 
being reactivated. Thus, further data are needed to answer these 
quest ions and to more clearly define the causes of the seismicity 
in the region. 

CONCLUSIONS 

The present earthquake activity in Maine is widespread and 
occurring at a !_ow but steady rate. Larger and locally damaging 
earthquakes have occurred in the past and are likely to occur in 
the future . The areas most prone to strong earthquakes are the 
western part of the state, the coastal areas in general and the 
embayments in particular, and the central part of the state. No 
relationship between the seismicity and either local or regional 
geologic structures has been found, although the most likely 
cause of the seismicity is the activation or reactivation of struc
tures in the present plate tectonic stress field. 
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