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Foreword 
During the period 1836-1839, Charles Thomas Jackson conducted the first comprehen

sive, government-funded survey of the geology of the state of Maine. As part of our com
memoration of the 150th anniversary of that monumental undertaking, the Maine Geological 
Survey is publishing Studies in Maine Geology, a series of 6 volumes which cover a broad 
spectrum of geological investigations. The response to our initial call for papers was over
whelming not only in number, but also in the quality of contributions, which would have 
been well received by professional journals. I appreciate the efforts of each contributor 
in ensuring the success of these volumes. 

Many issues have challenged the geologic community since the time of that first survey. 
Jackson was charged with the seemingly insurmountable task of surveying the geology 
of the entire state over a period of 3 field seasons without the aid of accurate maps or 
modern equipment. One of the main objectives of his work was to assess the potential 
for mineral deposits, coal, and building materials in this unexplored territory. In the latter 
part of the 19th century the geological issues of the state concerned sources of dimension 
stone and pegmatite gemstones. During this period, the gold and silver rushes accelerated 
the pace of geologic exploration in Maine, causing a short-lived metal-mining boom. In 
the first half of the 20th century and with the advent of two world wars, the need for "stra
tegic minerals" once again stimulated geologic investigation . The economic downturn in 
the domestic minerals industry of the past few decades has reversed and interest in explo
ration and extractive commodities is once again rapidly gaining ground in the state. 

Today, a growing environmental awareness has led to a concern for protecting our 
resources, both now and in the future . Geologic information provides the basis for a mul
titude of decisions aimed at confronting the complex problems of modem society. Primary 
issues are those of ground water resources and contamination, coastal development and 
shoreline protection, and the disposal of nuclear wastes in geological repositories. 

To meet the changing and expanding needs of the state over the past century and a half, 
the Maine Geological Survey has been under the auspices of many different government 
departments, culminating in its current position within the Department of Conservation. 
Since Jackson's time, the survey has expanded from essentially a one-man agency to in
clude full bedrock and surficial geology, marine geology, hydrogeology, and cartograph
ic divisions. In spite of the changes in issues and manpower, one of the primary objectives 
of the Maine Geological Survey has remained unchanged since Jackson's time: to provide 
the public with the highest quality information about the geology of the state of Maine. 
These volumes meet the challenge of that objective. 

Walter A. Anderson 
Director and State Geologist 

Maine Geological Survey 
DEPARTMENT OF CONSERVATION 

Augusta, Maine 
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Timing and Mechanisms for the Deposition of the Glaciomarine 
Mud in and around the Gulf of Maine: 

A Discussion of Alternative Mode ls 

Robert N. Oldale 
U.S. Geological Survey 

Woods Hole , Massachusetts 02543 

ABSTRACT 

Glaciomarine mud in the Gulf of Maine, characterized by rhythmic seismic layers that mimic the morphology 
of the underlying surface, is composed of subequal amounts of silt and clay, variable amounts of sand, and sparse 
gravel-sized clasts. The mud is Wisconsinan in age and was deposited during the retreat of the last ice sheet. A 
beginning date of 38 ka, proposed by King and Fader (1986) in their chronology of the last deglaciation, is considered 
too old. An alternative chronology, more consistent with the continental record to the west, is proposed here. ln 
this interpretation, deposition ofglaciomarine mud began about 18 ka when the late Wisconsinan ice retreated from 
Georges Bank, Great South Channel, and Northeast Channel and ended around 11 ka, when meltwater ceased to 
enter the Gulf of Maine. Basal-till melt-out from an ice shelf and bergs as the source of the glaciomarine mud, also 
proposed by King and Fader (1986), is thought to be inconsistent with the volume, widespread rhythmic bedding, 
and low stone content of the deposit. More likely the source of the glaciomarine mud was rock-flour-laden meltwater 
that entered the sea along the grounding line of a calving glacier or by way of subaerial meltwater streams. The 
rock flour was then dispersed by sediment plumes and was deposited when the sediment fell to the sea floor, aided 
by flocculation and biological agglutination. Rhythmic layers within the glaciomarine mud could represent annual 
cyclic sedimentation (varves) or cyclic events of lesser duration. 

INTRODUCTION 

The Pleistocene sedimentary succession in the Gulf of 
Maine reg ion (Fig. I ) consists, in most places, of stratified 
glaciomarine mud underlain and locally interbedded with till and 
coarse stratified submarine drift. The glaciomarine mud in coas
tal Maine is represented by the Presumpscot Formation (Bloom, 
1960, 1963 ). In the eastern Gulf of Maine, the glaciomarine mud 
is represented by the Emerald Silt (King and Fader, 1986). The 
glaciomarine mud in the western Gulf of Maine has no formal 
name, but is well defined by two long cores in Stellwagen Basin 
(Tucholke and Hollister, 1973) and by seismic data (Oldale and 
Bick, 1987). The Pleistocene section is similar throughout the 
Gulf of Maine and in the emerged region adjacent to the Gulf, 
suggesting a common origin and geologic history. Despite this, 

there has been significant disagreement on the origin and history 
of the glaciomarine mud, for example, Smith ( 1984) and King 
and Fader ( 1986). 

Smith, from studies in southwestern coastal Maine ( 1982, 
1984, 1985) and Smith and Hunter( 1989) proposed thatdeglacia
tion of the Gulf of Maine occurred between 17 and 13 ka, and 
that the Presumpscot Formation is a distal deposit of a marine
based ice sheet, the mud components of which were transported 
mostly as low density surface sediment plumes (overflows) and 
at times as high density turbidity currents (underflows). On the 
other hand, King and Fader ( 1986), using seismic data, core data, 
and radiocarbon dates from the Nova Scotia continental shelf and 
the eastern Gulf of Maine, proposed that the Gulf was fully 
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Figure I. Index map of the Gulf of Maine and adjacent regions showing the major physiographic features. 

glaciated throughout most of the Wisconsinan Stage and that 
deglaciation started about 38 ka. The Emerald Silt was con
sidered by them to be mostly an ice-proximal sediment, deposited 
when basal till melted out of an ice shelf and sank through the 
water column to the sea floor. However, the model they proposed 
for the origin of the glaciomarine mud is inconsistent with some 
aspects of the deposit. Schnitker ( 1988) also proposed an ice 
shelf during deposition of the g laciomarine mud in the western 
Gulf of Maine, because the sediments lack a microflora. Others 
who have proposed an ice shelf in the Gulf of Maine include 
Hughes et al. ( 1985) and Belknap et al. (this volume). 

DESCRIPTION OF THE GLACIOMARINE MUD 

High-resolution seismic-reflection surveys have established 
the occurrence of g laciomarine mud throughout the western Gulf 
of Maine (Oldale et al. , 1973; Oldale and Wommack, 1987; 
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Oldale and Bick, 1987; Birch, 1984; Belknap et al. , 1986; Kelley 
et al., 1986; Schnitker, 1988). Seismic-reflection profiles display 
the glaciomarine mud as an acoustically laminated unit in whkh 
the internal reflectors faithfully mimic the morphology of the 
underlying surface, generally bedrock or coarse-grained sub
marine strat ified drift and till (Figs. 2 and 3). A generally thin 
upper part is acoustically less well laminated, having internal 
reflectors which tend to be more gently undulating than the layers 
below. Internal reflectors within the marine mud tend to be 
continuous and can be traced for kilometers; in places, they can 
be traced completely across a sedimentary basin. 

Long piston cores from Stellwagen Basin and seismic 
profiles across the core sites (Figs. 3 and 4) allow a sedimen
tological interpretation of the seismic profile features of the 
g laciomarine mud. Cores (KN- I 0 and KN-27, Fig. 4) penetrated 
the Holocene marine mud, the glaciomarine mud, and a gravelly 
mud that was inferred to be rill (Tucholke and Hollisrer, 1973). 
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Figure 2. Map of the eastern Massachusetts offshore area showing the 
location of seismic lines 28 and 29 (Fig. 3) and long piston cores KN- I 0 
and KN-27 (Fig. 4) in Stellwagen Basin. 

The following description of the cores and the sedimentology of 
the glaciomarine mud is based on the Tucholke and Hollister 
( 1973) paper. Glaciomarine mud in Stellwagen Basin consists 
of black, gray, and olive-green silty clay or clayey silt lacking 
prominent bedding or laminations. Thin sand pockets and sand 
laminae occur sparsely in both cores, and in core KN-27, sand is 
abundant between 16 m and 14 m, and between 6 .5 m and 3.5 m. 
The upper sand interval overlies the glaciomarine mud and is 
Holocene in age. Except for the gravelly mud at the bottom of 
both cores, gravel-size clasts are absent. The mixture of silt and 
clay layers in bulk samples, along with minor amounts of sand, 
results in poor sorting. The layering and lack of coarse clasts 
make it unlikely that the deposit is a till. Quartz, mica, and 
feldspar are the most common minerals in the glaciomarine mud, 
and shells are sparsely distributed throughout. 

Foraminifera occur within the glaciomarine mud and were 
studied by Schnitker ( 1975). A benthic foram (Elphidium 
clavatum) appears to be characteristic of the glaciomarine mud, 
as it is abundant in that deposit and absent in the overlying 
Holocene marine mud. A similar relationship was noted in the 
Emerald Silt where Elphidium excavatum, probably the same 
foraminifera as£. clavatum (C. W. Poag, pers. commun., 1987), 
dominates the silt, but it is sparse to absent in the overlying 
postglacial marine sediments. 

MB LINES 28 AND 29 

s N w E 
0 

i ~ 0 
< 
<: 

(.j ~ 
L&.J ~ 
en ' ,., 
L&.J ~ 
~ 
I-

75 
_J 0.1 
L&.J 
> 
<( 
a::: 
I-

~ 
I 

~ -·- ·-- - - 150 I- 0.2 I 

i 
I. ·:. 

. ~ 
._:.. . 

· ~ "· ... 

0 IKM 

VERT. EXAG. x 13.3 

Figure 3. Massachusetts Bay seismic lines from Oldale and Bick (1987), showing the Holocene marine mud (Qm), the late 
Wisconsinan glaciomarine mud (Qgm), older drift (Qt), and pre-Mesozoic bedrock (Pz). 

en 
a::: 
L&.J 
I-
L&.J 
::!!: 
:z 

:I: 
I-
a.. 
w 
0 

3 



R. N. Oldale 

KN-10 c•4 KN-27 
LITHOLOGY DATES LITHOLOGY GRAIN SIZE 

0 1860 0 
0 50 100 

±120 

2 6130 2 
±130 Holocene 

4 4 marine 

6 Holocene 6 marine 
(f) Upper Glacio-

(f) 8 a:: 8 marine a:: w 
w I-
I- w 
w 10 ~ 10 
~ z 
z 

I 

I 
12 I- 12 

I- Upper 
a._ Lower w Glacio-a._ Glacio- 13,130 0 w 14 marine 14 marine 

0 ±250 

16 16 

Lower 

18 Glacio-
marine 

18 

Pockets and Till 

20 Thin Layers 20 Silty Sand ,... Pelecypods 

f Zone of Color 0 50 100 
22 Pebbles Till 18,900 Transition 

t Zone of Color ±600 C::J Burrow Mottling 
SAND,SILT,CLAY 

Transit ion 0 50 100 O/o , Vertical Mottling SAND, SILT, CLAY 
" Pelecypods % @I Gastropods 
p Burrow Mott ling 
o Barnacle Plates 

Figure 4. Lithology, grain size, and 14C dates from cores KN-I 0 and KN-27. From Tucholke and Hollister, Figures 5a and 5b ( 1973). 

Radiocarbon dates obtained on total organic matter (TOM) 
from both Stellwagen Basin cores were reported by Tucholke and 
Hollister (1973). A date of 21,950 ± 1,350 yr B.P. (1-6602) from 
the bottom of core KN-27 (not located on their Fig. 5b) and adate 
of 18,900 ± 600 yr B.P. (I-5576) from the bottom of core KN-10 
(Fig. 4) are suspect because between about 22 ka and 18 ka, the 
late Wisconsinan ice was at its maximum position (Stone and 
Borns, 1986) and Stellwagen Basin would have been completely 
filled by ice. In addition, these dates fall within the range of dates 
on shell and wood from the outwash deposits on Cape Cod and 
Nantucket that are considered unreliable because of contamina
tion or recrystallization (Oldale, 1982). A third date, 13, 130 ± 
250 yr B.P. (Fig. 4) was obtained from between 13.5 m and 13.8 
min core KN-10 in the upper seismic unit of the glaciomarine 
mud. It is reasonably consistent with dates of 14,250 ± 250 yr 
B.P. and 13,800 ± 300 yr B.P. obtained nearby from glaciomarine 
mud in Lynn, Massachusetts (Kaye and Barghoorn, 1964), and 
establishes a late Wisconsinan age for the deposit. 
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Correlation between seismic reflectors and contacts in the 
cores is possible (Fig. 4). The reflector at the top of the lower 
part of the glaciomarine mud corresponds, in core KN- I 0, with 
the beginning of a transitional change in grain size from mostly 
clay to equal amounts of silt and clay in the Holocene marine 
mud. The reflector at the top of the upper part of the glaciomarine 
mud corresponds to the end of this transition in the core. Thus, 
the less draped upper part of the glaciomarine mud represents the 
transition from glacial marine to nonglacial marine conditions in 
Stellwagen Basin. In addition, the last occurrence of the foram 
Elphidium clavatum, characteristic of the glaciomarine mud, 
occurs at 12 m sub-bottom and corresponds to the seismic 
reflector at the top of the glaciomarine deposits. A correlation 
can also be made between the reflector at the top of the 
glaciomarine mud and a grain size change in core KN-27. At this 
locality, the upper part of the glaciomarine mud is too thin to 
resolve in the seismic data or absent. The seismic reflector at the 
top of the glaciomarine mud corresponds to a change from mostly 
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clay to muddy sand, characteristic of the lower part of the 
Holocene deposits. 

The gravelly mud at the base of both cores plots within the 
lower part of the glaciomarine mud in the seismic profiles. It 
may represent debris that was ice rafted by bergs and dropped 
into the mud. However, the cores may have sampled till or coarse 
subaqueous outwash. Deposits of this nature are inferred from 
seismic data, across the si te of core KN-10, at a sub-bottom depth 
of 29 m, the penetration depth of the core. Similarly, core KN-27 
penetrated 24 m sub-bottom, only 3 m above till or coarse 
outwash inferred from seismic data at that site. 

The glaciomarine mud that occurs above sea level along the 
Gulf of Maine from Boston, Massachusetts, northward has been 
studied by numerous investigators. Kaye ( 1982) described the 
glaciomarine mud exposed near Boston as clay and silt inter
bedded with sand. He noted that the deposit is well stratified and 
rhythmically bedded by alternating layers of clay and silt or silt 
and fine sand. In addition, Kaye ( 1982) observed that the rhyth
mic bedding was not noticeable in fresh exposures because of the 
uniform color of the sediment. The glaciomarine mud, when 
traced landward, grades into littoral sand and finally into 
glaciofluvial outwash. The mud in the Boston area is locally 
fossiliferous; it includes foraminifera, mollusks, and barnacles. 

Glaciomarine mud occurs in the coastal region of New 
Hampshire, but it has been little studied. Goldthwait (1953) 
mapped its distribution and indicated that the mud consists of 
clay, silt, and some sand and that the glaciomarine mud becomes 
more sandy toward the top of the section. In contrast to Kaye's 
( 1982) observations, Goldthwait noted that the mud lacks 
stratification in most places and, where stratified, does not appear 
to be rhythmically bedded. However, he noted that physical 
properties of the glaciomarine and nearby glaciolacustrine sedi
ments were similar. 

Glaciomarine mud occurs throughout coastal Maine and in 
the major valleys in central Maine, as much as 200 km inland and 
up to altitudes of about 130 m (Thompson, 1982). Bloom ( 1960, 
1963) identified the mud as a silty clay and noted that sand is 
locally abundant, particularly in the upper part of the section and 
close to the marine limit. Isolated coarse clasts up to boulder-size 
occur throughout the deposit. Size analysis of the glaciomarine 
mud by Lawrence Goldthwait (as reported in Bloom, 1960) 
indicated that, on average, the deposit consists of 39% clay, 
37.9% silt, and 23.5% sand. Caldwell (1959) found a similar 
grain-s ize distribution and noted that the glaciomarine mud was 
well sorted to poorly sorted. According to Bloom ( 1960), the 
mud is well bedded and, in places, rhythmically bedded but not 
varved. Stratification is the result of interbeds of silty clay and 
fine sand. Thompson ( 1982) observed that the glaciomarine mud 
is massive in some places and well stratified in others. Most of 
the studies of the g laciomarine mud in Maine (Bloom, 1960; 
Smith, 1982; Thompson, 1982) indicate a general upward and 
landward increase in sand, interfingering of the mud with sub
marine ice-contact sand and gravel, and interfingering with 
subaerial ice-contact deposits and outwash along the marine 

limit. These studies also indicate that, in many places, the 
glaciomarine mud contains abundant mollusk and foraminiferal 
faunas. Radiocarbon dates related to the glaciomarine mud and 
to the marine incursion of coastal Maine range from 11.4 to 13.8 
ka (Smith, 1985) and clearly established the late Wisconsinan 
age of the deposit. 

DISCUSSION 

As shown by the previous description, the glaciomarine mud 
is similar throughout the western Gulf of Maine and adjacent 
lowlands and appears to be similar to the Emerald Silt, described 
by King and Fader ( 1986), in the eastern Gulf of Maine and the 
Scotian Shelf. Minor differences in grain-size distribution, stone 
content, texture, stratification, and seismic character can be 
attributed to such variables as transport (whether the glacier 
contributed sediments directly to the sea or through a subaerial 
fluvial system), distance from the sediment source, sedimenta
tion rate, water depth, and distance from the paleoshore. For 
example, g laciomarine mud in core KN- I 0 (Fig. 4) is composed 
mostly of clay with very little sand and may be a deep-water 
sediment deposited some considerable distance from the sedi
ment source or the paleoshore. On the other hand, the 
Presumpscot Formation is siltier and contains sand and locally 
gravel. It is clearly a shallow-water, nearshore glaciomarine mud 
that was deposited close to its source. 

The upward coarsening of the glaciomarine mud was noted 
in the eastern Gulf of Maine (King and Fader, 1986), in 
Stellwagen Basin (Tucholke and Hollister ( 1973) and in the 
deposits exposed above present sea level (Kaye, 1982; Bloom, 
1960). It corresponds to the upper part of the glaciomarine mud 
portrayed in seismic records (King and Fader, 1986; Oldale and 
Bick, 1987). In Stellwagen Basin (Core KN-10), it clearly 
represents a gradual change from a glacial source to a nonglacial 
source and a gradual reduction in sedimentation rates (Tucholke 
and Hollister, 1973). These factors may also apply to other basins 
in the Gulf of Maine. The upward coarsening may be caused by 
a gradual reduction in the amount of clay being deposited rather 
than by an increase in the amount of sand and silt deposited. In 
the shallower parts of the Gulf and up to the late-glacial marine 
limit, the coarsening may also have been caused, in part, by 
shoaling as the crust rebounded and relative sea level fell. 

Although locally the glaciomarine mud represents different 
marine environments, overall it represents a single major event: 
the retreat of the last continental g lacier across the Gulf of Maine 
region from its terminal position against Georges Bank (Fig. I). 

The chronology of the last glaciation proposed by King and 
Fader( 1986) includes these stages: (I) advance to Georges Bank 
about 70 ka, (2) full glacial conditions between 70 ka and 38 ka; 
(3) lift off (floating of the ice sheet) and deposition of Emerald 
Silt facies A beneath an ice shelf, 38.0 to 26.5 ka; (4) readvance 
oft he grounding line of the ice sheet to form the Fundian moraine, 
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32.0 to 26.5 ka; and (5) ice shelf breakup and retreat to coastal 
Maine, 26.5 to 13.0 ka. King and Fader (1986) established the 
chronology of retreat from the Gui f of Maine by arranging cores 
into a single stratigraphic section controlled by seismic data. 
When the cores were arranged in this manner, the included 
radiocarbon dates fell mostly in proper stratigraphic order; the 
ages increasing with depth. King and Fader ( 1986) extrapolated 
from the oldest date, 26.6 ka, to the base of the section to establish 
that the deposition of the glaciomarine mud began about 38 ka. 
In spite of their concern about the validity of TOM dates, 
including reworking and contamination, the stratigraphic con
tinuity of the dates lead King and Fader (1986) to conclude that 
most of the dates were valid. There is no unequivocal evidence 
from northern New England or eastern Massachusetts that would 
preclude this chronology; however, it can be questioned on 
several grounds. The radiocarbon dates from the Gulf of Maine 
cores may not be as good as the King and Fader ( 1986) stratig
raphy indicates, and extrapolation back to 38 ka may not be 
warranted. Dates within individual cores from the Atlantic 
continental shelf (King and Fader, 1986, Table 3) do not generally 
fall into proper stratigraphic order. Of 15 cores that include two 
or more radiocarbon dates in the Emerald Silt, only three had a 
normal stratigraphic sequence of dates. Eight of the cores had 
one or more dates stratigraphically reversed. Seven of the cores 
had dates separated by 75 to 269 cm of sediment that, when the 
possible error was taken into account, could have been the same 
age. Thus, reworking and contamination may be factors in
fluencing the validity of the TOM dates from the Emerald Silt 
and the dates that were later obtained on individual shells using 
the accelerator mass spectrometer (King and Fader, 1986, p. 37). 

A recently obtained radiocarbon date (17.4 ka) on shell near 
the base of the Emerald Silt from Emerald Basin indicates that 
deposition of the Emerald Silt may have begun after about 18 ka, 
and the underlying ti ll may be late Wisconsinan in age (Piper et 
al., 1988). The Emerald Basin date corresponds closely with a 
date indicating that glaciomarine deposition was underway in 
Wilkinson Basin in the Western Gulf of Maine by about 17 .6 ka 
(Schnitker, 1988). 

Arguments to refute the early Wisconsinan to middle Wis
consinan glaciation of the Gulf of Maine proposed by King and 
Fader ( 1986) mostly lack conclusive evidence. Many of these 
arguments are based on numerous radiocarbon dates on material 
inferred to indicate ice-free conditions, such as shell, wood, peat, 
bones, and horn (Johnson, 1986; Fullerton, 1986; Stone and 
Borns, 1986). Many of these dates from the terresterial record 
are suspect, and the infinite dates within this group do nothing to 
further the arguments. Indeed, in some places, middle Wiscon
sinan g laciations are proposed from the continental Wisconsinan 
section (for example, Bloom and McAndrews, 1972). However, 
when taken in total , the continental evidence suggests a period 
of weak and limited g laciation during middle Wisconsinan time 
followed by a much more extensive g laciation starting around 23 
ka. Dredge and Thorleifson ( 1987) provide three alternative 
scenarios for the extent of middle Wisconsinan ice. In all three, 

6 

the Gulf of Maine is shown as being ice free. The King and Fader 
( 1986) chronology appears to be somewhat out of phase with 
marine oxygen-isotope and sea-level data that indicate less than 
full glacial conditions worldwide between 60 and 28 ka and an 
advance to full glacial conditions after 25 ka (Ruddiman and 
Mcintyre, 1981; Chappell and Shackleton, 1986). 

Finally, a post-marine, oxygen-isotope stage 5, pre-late 
Wisconsinan glaciation of the Gulf of Maine is incidental to the 
discussion on the glaciomarine mud, if the deposit is no older 
than about 18 ka. 

The depositional model proposed by King and Fader ( 1986), 
melt-out of basal till from an ice shelf, is not compatible with the 
most obvious characteristics of the glaciomarine mud. These 
characteristics include (I) internal seismic layers that can be 
traced for kilometers and, in some places, basin wide; (2) exten
sive thin rhythmic beds and laminae, best seen in subaerial 
outcrops; (3) the large volume of glaciomarine mud; and (4) a 
grain-size distribution of mostly clay and silt without, or with a 
very low percentage of, gravel-sized clasts. 

Extensive or basin-wide seismic or sedimentary layers of 
nearly uniform thickness would require simultaneous melt-out 
of a consistent volume of basal till over broad areas of an ice 
shelf, an unlikely event. Rhythmic layering in the glaciomarine 
mud requires that the basal load be renewed after each melt-out 
event. Since basal melt-out occurs shortly after lift off (Drewry 
and Cooper, 1981 ), there seems no way to renew the basal load 
over broad areas of the ice shelf. Repeated grounding and 
degrounding of an ice shelf might renew the basal load, as is 
suggested by King and Fader ( 1986). However, as they indicate, 
this process is essentially vertical, the result of changes in sea 
level or ice thickness, with little or no forward motion of the ice 
shelf (King and Fader, 1986). Under these conditions, melt-out 
of the new basal load, following lift off, would be restricted to 
the vicinity of the grounding line and would not produce exten
sive rhythmic beds. Even if melt-out events could occur 
repeatedly, there remains a question as to whether the basal load 
of an ice shelf is sufficient source for glaciomarine mud whose 
total thickness is more than 75 meters in many places. Basal 
sediment loads in existing ice sheets are very low (Drewry and 
Cooper, 1981) and even lower in ice shelves formed when the 
ice sheet spreads out seaward of the grounding line. To obtain 
the volume of glaciomarine mud present in the Gulf of Maine 
from debris at the base of an ice shelf would require considerable 
time. If the estimate for the retreat of the ice from the Gulf of 
Maine favored here, 18 ka to 12 ka, is approximately correct, then 
low sedimentation rates produced by melt-out from an ice shelf 
cannot be accepted. 

Basal till contains abundant gravel-sized clasts as well as all 
other grain sizes. As melt-out till sinks through the water column, 
it is sorted to produce a graded bed with gravel-sized clasts at the 
bottom and silt and clay at the top, a deposit unl ike the stone-poor 
glaciomarine mud. Repeated melt-out and sorting would 
produce a deposit consisting of a series of beds similar to the one 
described above. The resulting deposit would not resemble the 
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Emerald Silt, the Presumpscot Fomlation, or the glaciomarine 
mud in Stellwagen Basin. 

Several investigators have inferred an ice shelf in the Gulf 
of Maine during the retreat of the last ice (Hughes et al., 1985; 
King and Fader, 1986; Dyke and Prest, 1987; and Schnitker, 
1988). Hughes et al. ( 1985) proposed the ice shelf as part of their 
scheme for the deglaciation of the Laurentide ice sheet by way 
of major ice streams, a model based largely on their studies of 
Antarctica. King and Fader ( 1986) called upon an ice shelf as 
the major source for the glaciomarine mud, basing their deposi
tional model on a model for Antarctic ice shelves by Carey and 
Ahmad (1961 ). Dyke and Prest ( 1987) followed the lead of King 
and Fader ( 1986) and showed an ice shelf in the Gulf of Maine 
on their recent map. Schnitker ( 1988) proposed an ice shelf to 
explain an absence of microflora in the glaciomarine mud in 
Wilkinson Basin. An ice shelf in the Gulf of Maine is proposed 
in a paper included in this volume (Belknap et al., this volume). 
Draping of the glaciomarine mud has also been used to argue for 
an ice shelf because it would seem to require the absence of 
wind-driven currents. 

There is little if any evidence for an ice shelf in the Gulf of 
Maine during the re treat of the last ice. However, there is 
evidence that the late Wisconsinan ice was temperate and wet
based, thereby precluding the formation of an ice shelf. Ice 
shelves require a climate cold enough to keep the shelf ice below 
the pressure melting point (Sugden and John, 1976). Where this 
condition is not met, a marine-based ice sheet will not have 
suffic ient strength to form an ice shelf (Richard Alley, pers. 
commun. , 1988) and will calve and maintain an ice front close 
to the grounding line. The evidence for a temperate and wet
based ice sheet in the Gulf of Maine consists of abundant 
meltwater deposits on the continental shelf beyond the glacial 
maximum and out wash and ice-contact stratified drift along the 
margins of the Gul f. In addition, paleontological evidence indi
cates that relatively warm (above freezing) continental slope 
water entered the Gulf of Maine to interact with the retreating ice 
(Schnitker, 1988). 

Ice s hel ves a re not necessary to the formation of 
glaciomarine mud. Deposits on the Labrador Shelf display 
draped, acoustically laminated, rhythmic reflec tors characteristic 
of glaciomarine mud e lsewhere. The sediments contain abun
dant e rratic limestone clasts that were transported to the Labrador 
Shelf by current-driven bergs, a process that requires open-ocean 
conditions (Josenhans et al., 1986). Iceberg scours, also requir
ing an open ocean, have been recently identified wi thin 
glaciomarine mud in Emerald Basin on the Scotian Shelf (Gipp, 
1988), indicating that the Emerald Silt in its "type locality" was, 
at least in part, deposited in the absence of an ice shelf. 

For the reasons just presented, the chrono logy of the Wis
consinan g lac iation of the Gulf of Maine and the depositional 
model for the glaciomarine mud proposed by King and Fader 
( 1986) and by other investigators (Hughes e t al., 1985; Schnitker, 
1988; Belknap et al., this volume) are believed to be incompatible 
with the available evidence. In their stead, a revised Wisconsinan 

chronology for the Gulf of Maine and a depositional model 
involving meltwater discharge of suspended sediment from a 
retreating grounded ice front are proposed. 

The chronology is based on the inference that dated material 
older than 20 ka in part represents nonglacial marine conditions 
in the Gulf and subaerial conditions in southern New England, 
and on the assumption that the Wisconsinan history of the Gulf 
of Maine is compatible with the continental record to the west. 
The older da ted material was picked up and incorporated into the 
drift during the late Wisconsinan ice advance. The youngest of 
this material, generally dated around 2 1 ka, is inferred to repre
sent the advance of the ice to its temlinal position at Northeast 
Channel, Georges Bank, Great South Channel, and the terminal 
moraines in southern New England that are represented by the 
offshore islands (Fig. I). Shell, seaweed, and TOM from the 
glaciomarine mud that date younger than about 18 ka are thought 
to represent the deglaciation of the Gulf of Maine. This chronol
ogy for the Gulf of Maine (ice-free before about 23 ka, full glacial 
conditions between about 21 and 18 ka, and retreat from the 
glacial maximum to the marine limit between 18 and 13 ka) is 
compatible with the continental record to the west (Richmond 
and Fullerton, 1986, their Chart I), to the east on the Labrador 
Shelf (de Vernal and Hillaire-Marcel, 1987), and with the 
worldwide Wisconsinan , marine oxygen-isotope ice-volume, 
and sea-level records (Ruddiman and Mcintyre, 1981; Chappell 
and Shackleton, 1986). 

King and Fader, by applying the Carey and Ahmad ( 1961 ) 
model , and Hughes et al. ( 1985) have used present-day glacial 
conditions in Antarctica as a modem analogue for the deglacia
tion of the Gulf of Maine. This analogue may be inappropriate 
for a retreat from fu ll glacial conditions between roughly 41° and 
43° North la titude and a retreat characterized by copious 
meltwater and abundant outwash. An abundant supply of silt and 
clay (rock flour) was available over several thousand years to 
produce the large volume and great thickness of glaciomarine 
mud, even with the high sedimentation rates that likely occurred 
in the glacial environment. The glaciomarine mud is as much as 
65 m thick in Stellwagen Basin and as much as 100 m th ick in 
the easte rn Gulf of Maine (King and Fader, 1986). In addition, 
melt water, and thus the sediment supply, was periodic (seasonal) 
and may have produced the rhythmic bedding in the mud. 
Me lt water laden with glacial rock flour provided abundant sedi
ment to the sea throughout the retreat of the ice from the Gulf of 
Maine and coastal northern New England. Most likely, the 
fluvial rock-flour supply diminished with time as glacial lakes 
trapped the sediment and as the ice volume decreased, events 
represented by the upper part of the glac iomarine mud. Finally, 
the rock-flour supply ceased when melt water flow was diverted 
into other drainage systems or when the ice in northern New 
England melted completely, around 11 ka (Stone and Borns, 
1986). Evidence for abundant meltwater entering the marine 
environment along the grounding line of a retreating glacier has 
been demonstrated for the Champlain Sea in the Ottawa region 
of Canada (Rust and Romanelli, 1975) and by Smith (1984) and 
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Smith and Hunter ( 1989) for coastal Maine. Interfingering of 
ice-contact delta deposits and glaciomarine mud at the marine 
limit in Maine indicates that subaerial glaciofluvial meltwater 
provided another source of sediment to the marine environment 
(Thompson, 1982). The association of submarine outwash and 
glaciomarine mud led Smith ( 1984) and Smith and Hunter ( 1989) 
to propose a depositional model for the glaciomarine mud. This 
model includes a wann-based glacier that terminated in the sea. 
Subglacial meltwater entered the sea at the grounding line where 
coarse debris was immediately deposited. Fine sand, silt, and 
clay were carried to sea as low-density overflows. There the 
sediment fell to the sea floor, probably aided by flocculation and 
biologic agglutination. Although this model proposed a marine
based glacier, such may not have been the case for the entire 
interval represented by the glaciomarine mud. Sediment was 
carried to the sea by subaerial meltwater streams, as is indicated 
by the interbedding of glaciomarine mud and glaciofluvial delta 
deposits. A glaciofluvial source was proposed by Filion and 
Harrnes ( 1982) for the glaciomarine mud on the shelf off 
Labrador, where they inferred that the glaciomarine mud was 
derived from rock flour carried to the sea by meltwater streams 
draining outlet-valley glaciers. 

Deposition of glaciomarine mud has been observed in fjords 
(Syvitski and Murray, 1981; Hoskins and Burnell, 1972; Mack
iewicz et al., 1984; and Elverhoi et al., 1983). Depositional 
processes described in these studies include overflow plumes of 
sediment-laden fresh meltwater, flocculation and biological ag
glutination of fine sediment, and consequent settlement of the 
suspended sediment to the sea floor. Interflows, underflows, 
turbidity currents, and debris flows appear to be less important 
or minor processes in the fonnation of glaciomarine mud in fjord 
environments. Although the sedimentary processes observed in 
fjords may be applicable to glaciomarine sedimentation in the 
Gulf of Maine, the glaciers themselves are constrained by the 
walls and rock threshold of the fjords. Thus, they are not fully 
satisfactory as a model for the deglaciation of the Gulf of Maine. 

Studies of Holocene glaciomarine sedimentation in the Gulf 
of Alaska and off the Nordaustlandt Glacier in the Svalbard 
archipelago, in open-shelf environments, may be more useful in 
understanding the origin of the glaciomarine mud and may prove 
to be more reasonable than Antarctic analogues for the retreat of 
the ice in the Gulf of Maine. 

In the Gulf of Alaska, meltwater-generated sediment plumes 
have been traced more than 50 km offshore during the summer 
and early fall (P. R. Carlson, pers. commun., 1975). Molnia 
(1983) made the following observations in the Gulf of Alaska: 
Glaciomarine mud is characterized by minor amounts of gravel
sized clasts (generally less than I%). Glaciomarine mud is 
deposited from large suspended sediment plumes that originate 
when sediment-laden meltwater enters the sea directly, from 
floating or tide-water glaciers, or indirectly, from subaerial 
glaciofluvial systems. Suspended-sediment plumes travel great 
distances and glaciomarine mud is deposited· as far offshore as 
the middle and outer shelf. 
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Molnia and Carlson (1978) described the seismic character 
of the Holocene glaciomarine mud in the Gulf of Alaska as 
consisting of numerous, continuous internal reflectors that ex
tend for many kilometers. The internal seismic reflectors 
resemble those in the glaciomarine mud in the Gulf of Maine; 
however, the substrate in the Gulf of Alaska is flat, so that 
mimicking of the underlying morphology is not obvious. 

Observations along the ice front of Nordaustlandt Glacier 
have been made by Pfirman (1985) . The glacier front, more than 
200 km long and as much as 130 m thick, is grounded along its 
entire length in up to I 00-m water depth. Sedimentation in the 
region seaward of the glacier front is dominated by deposition 
from meltwater sediment plumes. Turbid meltwater enters the 
sea through subglacial tunnels associated with subglacial and 
sea-floor valleys. Meltwater plumes rise to the sea surface as the 
suspended sediment loads are insufficient to overcome the 
heavier sea water and form underflows. At the sea surface the 
suspended sediment plumes are driven by currents and possibly 
by katabatic winds. The plumes can be identified, by suspended 
sediment loads above background, up to 18 km from the dis
charge point. Although at the present time major melt-water 
discharge occurs at only two places, Solheim and Pfirman ( 1985) 
speculate that during a historic surge, meltwater discharge and 
sediment plumes occurred along the entire front. Meltwater 
discharge from the present tunnels occurs from July to Septem
ber, leading Pfinnan (1985) to conclude that most of the 
meltwater was derived from melting of the glacier surface. She 
also observed that extensive sea ice cover occurred from N ovem
ber to May, a feature that may reduce the frequency and power 
of wind-driven bottom currents. 

SUMMARY AND CONCLUSION 

Glaciomarine mud in the Gulf of Maine region is charac
terized by extensive internal seismic reflectors that mimic the 
underlying surface morphology. In cores and outcrop, the 
deposits have rhythmic bedding, variable amounts of sand, and 
sparse gravel-sized clasts. The glaciomarine mud was deposited 
as the last glacier retreated from the north flank of Georges Bank 
across the Gulf of Maine and coastal northern New England. This 
retreat occurred between about 18 and 12 ka. Radiocarbon dates 
from the glaciomarine mud that suggest ice retreat prior to 18 ka 
probably resulted from dating older detri tal material, mostly from 
interglacial or interstadial marine deposits . The youngest of 
these dates, therefore, provide the timing for the advance of the 
Wisconsinan ice into the Gulf of Maine, sometime between 25 
and 21 ka. 

Glaciomarine mud similar to that in the Gulf of Maine occurs 
on continental shelves off eastern Canada and Alaska, and in 
fjords in Alaska and Scandinavia. Glaciers along the Gulf of 
Alaska, the Nordaustlandt Glacier in the Svalbard archipelago, 
and fjord glaciers provide reasonable modem analogues for a 
glaciomarine sedimentation model in the Gulf of Maine region. 
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They indicate that sedimentation from rock-flour-laden surface 
plumes of meltwater is the chief source of the glaciomarine mud. 
The plumes entered the sea in various ways. In the deeper parts 
of the Gulf of Maine, meltwater discharge probably occurred 
subg lacially along the grounding line of a calving glacier. Sedi
ment plumes of low-density fresh meltwater, generated during 
the warrner months, rose to the sea surface and extended seaward 
many kilometers beyond the ice front. An ice shelf probably did 
not occur in the Gulf of Maine, and one is not necessary to deposit 
glaciomarine mud or to preserve the draped layers characteristic 
of the mud. Sea ice during many months of the year could have 
reduced the frequency and power of wind-driven bottom cur
rents. As the retreating ice front approached the marine limit , 
meltwater may have reached the sea along a tidewater glacier 
front. In this case and in the case of a calving front, iceberg rafting 
would be a constant but minor source of coarse clasts. Once the 
ice sheet retreated from the marine limit , sediment-laden 
meltwater reached the Gulf of Maine by way of subaerial 
meltwater s treams, and the contribution of coarse clasts by berg 
rafting ceased. However, fast ice may have drifted free to 
eventually provide a minor coarse clast component to the mud. 
The glaciofluvial contribution of rock flour continued until the 
ice within the Gulf of Maine drainage area melted away or 
melt water flow was diverted into other drainage systems. The 
amount of rock flour delivered to the Gulf of Maine diminished 
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ABSTRACT 

Interpretation of approximately 1600 km of high-resolution seismic reflection profiles collected on the inner 
continental shelf of the western Gulf of Maine reveals distinctive shelf features most abundant at a depth of 50-65 
m. They are characterized by a discontinuous terrace composed of unconsolidated sediment, a steep slope that dips 
seaward, a unique seismostratigraphic sequence, and a surface texture of coarse-grained material. These distinctive 
shelf terraces are interpreted primarily as erosional components of a lowstand shoreline, submerged by Holocene 
sea-level rise. 

The inferred postglacial sea-level lowstand occurred at a depth of approximately 55-60 m below present and 
formed a shoreline during relative stillstand. These events occurred at 9,500±1,000 yr B.P. when the rate of isostatic 
rebound equaled eustatic rise. Although the exact chronology and detailed stratigraphy of the lowstand shoreline 
are not completely understood, the bathymetric expression, seismic signature, orientation, depth, and estimated age 
are generally consistent with lowstand indicators reported from other locations in the western Gulf of Maine. 
Documentation of the depth of this shoreline provides additional constraints to existing geophysical models of 
glacio-isostatic response which currently predict a much shallower early Holocene lowstand. 
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INTRODUCTION 

The coastal area and inner continental shelf of the western 
Gulf of Maine are unique along the Atlantic coast of the United 
States because they have experienced two major transgressions 
and a regression in the last 14,000 years. This sequence of events 
was a result of relative sea-level fluctuations caused by loading 
and unloading of thick glacial ice of the Late Wisconsinan 
Laurentide ice sheet (e.g., Bloom, 1963; Borns, 1973; Borns and 
Hughes, 1977; Thompson and Borns, 1985). A general pattern 
of timing and local relative sea-level position has been con
structed based on geomorphic mapping, stratigraphic profiles 
from terrestrial outcrops, and radiocarbon dating of sea-level 
position indicators (Stuiver and Borns, 1975; Thompson, 1982; 
Smith, 1982; 1985; Fig. 2 of Belknap et al., this volume). A 
critical, but least understood, part of this pattern is the position, 
nature, and timing of the Iowstand. 

To date, the geomorphic and stratigraphic consequences of 
a relative sea-level lowstand or its geographic extent have not 
been well documented in coastal Maine. The purpose of this 
study is to demonstrate that terraces at a depth of 50-65 m are 
part of a paleoshoreline on the Maine inner continental shelf. The 
timing of the sea-level lowstand that formed this shoreline is 
constrained to the latest Pleistocene to earliest Holocene by 
existing data. Better definition of the timing and location of a 
submerged shoreline near the perimeter of the Late Wisconsinan 
Laurentide ice sheet would provide critically needed data for 
input into geophysical modeling of glacio-isostatic response and, 
ultimately, into the viscosity of the lithosphere. 

PREVIOUS WORK 

The first transgression occurred as a deep-water submer
gence during deglaciation as sea level rose in concert with the 
receding ice margin (Borns and Hughes, 1977; Smith, 1982). 
Deep water in contact with retreating ice passed the present 
shoreline about 13,800 yr B.P. in southwestern Maine and about 
13,200 yr B.P. in eastern Maine (Smith, 1985). The exact level 
of the sea is not known during this transgression because the 
receding margin between the ice front and sea was probably a 
near-vertical interface of unknown depth. At the inland marine 
limit, relative sea level reached a maximum highstand level 
between 60-130 m above present at approximately 13,000-
12,500 yr B.P (e.g., Stuiver and Borns, 1975; Thompson, 1982; 
Smith, 1985). This variation in maximum highstand was due to 
differential glacial unloading. Subsequent glacial isostatic 
rebound caused relative tilting of the highstand shoreline to the 
northwest and emergence of coastal Maine (Stuiver and Borns, 
1975; Thompson, 1982), resulting in a rapid regression. Falling 
sea level reached the present shoreline in eastern Maine about 
12,000 yr B.P. and crossed the present southwestern Maine 
shoreline about 11 ,500 yr B.P. (Thompson, 1982; Smith, 1985). 
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The second transgression began during the early Holocene 
and is still occurring today. This transgression involves littoral 
units which are migrating landward over the formerly emerged 
shelf and is primarily a result of glacio-eustatic sea-level rise. 
The oldest reliable Holocene radiocarbon date has an age of 6,295 
± 55 yr B.P. (SI-6617). This date is from a basal brackish marsh 
peat collected 15 m below present mean high water (MHW) in 
the upper Damariscotta River (Belknap et al., !987b; Fig. I for 
location). The age and depth of mid-Holocene sea-level lower
ing, based on this basal peat date, is corroborated by a less precise 
sea-level indicator, a piece of wood found at a present depth of 
20 m below MHW in upper Penobscot Bay (Ostericher, 1965; 
Fig. 1 for location). This wood sample was embedded in a sand 
unit immediately above the Pleistocene/Holocene unconformity 
and yielded a radiocarbon date of7,390± 500 yr B.P. (W- 1306). 
Recently, a new data set of over 85 radiocarbon dates shows that 
late Holocene sea level in coastal Maine rose at an average rate 
of 1.5 m/l,000 yrs. between 5,000 to 1,500 yr B.P., and then 
slowed to a rate of 0.5 ml 1,000 yrs. between 1,500 yr B.P. and 
the present (Belknap et al., I 987a). 

Unlike either of the transgressions, the latter portion of the 
regression is poorly constrained in duration as well as location 
of lowstand because much of the evidence of its occurrence is 
presently submerged. The suggestion of an early Holocene 
lowstand of sea level in coastal Maine has existed for at least two 
decades. In addition to an investigation in Penobscot Bay by 
Ostericher ( 1965), Bloom ( 1960, 1963), working in southwestern 
Maine, also suggested a sea-level lowering during the early 
Holocene of at least -15 m. Since then, only a handful of field 
studies have presented evidence to support the timing and loca
tion of a lowstand. In the Kennebec/Sheepscot area, Schnitker 
(1974) discussed a lowstand of 65 m below present based on 
geomorphic evidence. In a more recent study of Penobscot Bay, 
Knebel and Scanlon (1985) and Knebel ( 1986) showed evidence 
for a lowstand of at least 40 m below present, based on depth of 
a regressive (basal) unconformity bounding the top surface of the 
Presumpscot Formation which was cut by the Penobscot River. 

Immediately to the south on the New Hampshire shelf, Birch 
(1984) called for at least a 30-35 m lowstand at 12,000 yr B.P., 
based on a similar depth of scour into the Presumpscot Formation 
and one radiocarbon date on a submerged peat. On the Mer
rimack paleodelta off the Massachusetts coast, Oldale et al. 
( 1983) suggested a lowstand of 4 7 m below present, based on the 
average depth of the break in slope between delta top and delta 
front deposits. Later, Oldale (1985) documented the existence 
of a barrier spit off Cape Ann, Massachusetts, while Oldale and 
Bick ( 1987) mapped additional beach and bar deposits as well as 
extensive flu vial and estuarine deposits in western Massachusetts 
Bay. Both of these later studies reconfirmed a lowstand of 
approximately -50 m along the Massachusetts coast. 

The relative sea-level histories to the north and east of the 
Maine inner shelf differ with respect to timing and lowstand 
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Figure I. Location map of the inner shelf study areas along the coast of Maine. Study areas on the shelf are enclosed in boxes. 
Squares are locations of submerged peats in Penobscot Bay and Damariscotta River that have been radiocarbon dated and are discussed 
in the text. Dots mark location of profiles in Figure 2. Shore-nonnal track lines of digitized profiles in Figure 7 are indicated by 
solid lines within the study area boxes. Triangles in Penobscot Bay and Machias Bay are locations of subtidal moraines discussed 
in text. Contour interval is 20 m between the 40-100 m depth level. Base map modified from Uchupi ( 1965). 

magnitude. Besides casual suggestions of sea-level lowstand in 
theBayofFundy(e.g.,SwiftandBorns, 1967;Grant, 1970, 1980; 
Amos, 1978), only two recent srudies acrually document sea
level lowering in the region. At the entrance to the Bay of Fundy, 
Fader et al. ( 1977) suggested a late g lacial sea-level lowstand at 
a maximum depth of 37 m from a study of seismic reflection 
profiles and the distribution of till. The timing of this event in 
the Bay of Fundy was unclear. Amos and Zaitlin ( 1985) radiocar
bon-dated lithologic units and suggested a lowstand of about 30 
m below present between 8,000-7,000 yr B.P. in Chignecto Bay 
in the northern Bay of Fundy. Farther to the east, the inshore 
sea-level history along the south shore of Nova Scotia has been 
summarized by Piper et al. ( 1986). They discuss nine important 
sea-level indicators for the south shore region and suggest three 
possible scenarios which have quite variable timings and extents 
of lowstand. 

All of the srudies in the western Gulf of Maine mentioned 
above suggest that sea level fell to a present-day water depth 
ranging anywhere from 15-65 m, occurring sometime between 
I 0 ,500-6 ,000 yr B.P. These large ranges in depth and timing of 

lowstand in part can be attributed to different ice thicknesses 
throughout the region, but also may reflect the variability of 
methods and lowstand recognition criteria used among the 
various srudies. In this study, the investigation of the Maine inner 
shelf for lowstand indicators allows the same methods and 
recognition c riteria to be applied over a broad area. 

GEOGRAPHIC SETTING AND METHODS 

The areas of study are located along the northwestern border 
of the Gulf of Maine on the inner continental shelf adjacent to 
Maine (Fig. 1). The Maine inner shelf extends southwest to 
northeast for a distance of approximately 360 km and varies in 
shore-normal width between 9-33 km from the present shoreline 
to the 100 m isobath. This nearshore region constitutes 11 % 
(measured by planimeter) of the entire area of the Gulf of Maine. 
The focus of this investigation is the region offshore of seven 
bays and rivers along the Maine coast. These areas include the 
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Wells embayment, Saco Bay, Kennebec River mouth, Sheepscot 
Bay, Damariscotta River, Gouldsboro Bay, and Machias Bay 
(Fig. 1). The Kennebec River mouth and Sheepscot Bay are 
treated as one study area because most of the data was collected 
during the same survey and is not easily separated. 

A total of 1,610 km of high-resolution seismic reflection 
profiles were collected in these offshore areas using a Raytheon 
RITIOOOA 3.5{7.0 kHz survey profiling system and a Ferranti 
ORE Geopulse boomer, usually filtered at 0. 7-2.0 kHz. Position 
fixes were taken at five-minute intervals, using LORAN C as the 
primary navigational aid. Geologic interpretation was based on 
seismostratigraphic analysis of seismic reflections, correlation 
with inshore vibracores, and comparison with subtidal bridge 
borings (Knebel and Scanlon, 1985; Belknap et al., 1986, l 987b, 
this volume; Kelley et al., 1986, this volume). Processed seismic 
reflection profiles were first interpreted, and then hand-digitized 
at 50: 1 vertical exaggeration. Other data sources were side-scan 
sonographs collected with an EG&G SMS 960 sea floor mapping 
system, bottom samples collected with a Smith-Macintyre grab 
sampler, and bottom photographs and observations from the 
diving submersibles, Mermaid II, Johnson Sea Link, and Delta. 

CHARACTERISTICS OF SHELF TERRACES 

Analysis of seismic profiles collected in the seven study 
areas on the inner continental shelf of Maine reveals features with 
a unique geomorphic and stratigraphic expression. The charac
teristics of these features are: ( 1) a discontinuous terrace under
lain by at least 4 m of unconsolidated sediment; (2) a steep terrace 
slope that usually dips seaward; (3) a sequence of glaciomarine 
mud, separated by an unconformity and capped by modern 
marine sediment; and (4) a surface texture coarser than the 
adjacent area. 

These discontinuous, drowned terraces of unconsolidated 
sediment occur occasionally on the Maine inner continental shelf 
(Fig. 2). Their width ranges up to 0.8 km in a shore-normal 
direction. Their shore-parallel extent is not as well documented, 
but appears less than 2 km. While this maximum size has been 
observed, most features are usually half as large. Sediment 
thickness varies from 4-30 m, but generally averages between 
12-18 m (Fig. 2). Most terraces are located at the sediment/water 
interface (Figs. 2a, 2b, 2e, 2f, 2h). Infrequently, a terrace may be 
buried in a thick mantle of modern marine sediment (Fig. 2c). 
This condition has only been observed in one setting of high 
Holocene sediment input, the Kennebec paleodelta (Fig. 2c; 
Belknap et al., 1986, this volume). 

Another unique characteristic on the faces of these terraces 
is a relatively steep slope which has an apparent dip ranging from 
0.5-6.0°. The more typical apparent dip, which is very distinct 
on seismic profiles, varies between 1.0-3.0°. Often, the inner 
shelf sea floor is characterized either by flat-lying topography of 
modem marine sediment, or steep slopes greater than 5.0° on 
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outcropping bedrock (Figs. 2d, 2g). Approximately 70% of the 
terraces display an apparent dip in a seaward direction. Those 
remaining terraces, having an apparent landward dip, tend to be 
smaller, are underlain by less sediment (4-8 m thick), and are 
more steeply inclined. These landward-dipping terraces are most 
commonly found landward of shallow bedrock outcrops. 

The seismostratigraphic sequence of these terraces, as well 
as the rest of the inner shelf, is well defined and uniform 
throughout the study areas (Fig. 2; Table 1 ), even though offshore 
core data are lacking. A description of all seismic facies and 
corresponding lithologic interpretations for the inshore coastal 
area and inner shelf of Maine have been described in detail by 
Belknap et al. (l987b, this volume) and further supplement the 
following brief description. The base of the sequence is acoustic 
basement and interpreted as crystalline bedrock [br] . Bedrock 
occasionally is overlain by thin (usually <IO m), discontinuous 
reflections, interpreted as till [t] (Figs. 2a, 2b, 2c, 2e, 2t). Infre
quently observed overlying till or more commonly bedrock is a 
stratified, wedge-shaped unit interpreted as stratified drift [sd]. 
Above bedrock and till, and possibly interfingering with stratified 
drift, are continuous, coherent reflections interpreted as 
glaciomarine sediment [gm] (Fig. 2). This unit was initially 
described on land as the Presumpscot Formation by Bloom 
( 1960). Within the terraces, glaciomarine sediment is up to 35 
m thick and consists of at least three subunits (glaciomarine-mas
sive [gm-m], glaciomarine-draped [gm-d], and glaciomarine
ponded [gm-p]). These three subunits are discussed in more 
detail by Belknap et al. (this volume) and summarized in Table 
1. Occasionally, the glaciomarine unit has a prominent uncon
formity across the upper surface that generally dips slightly 
steeper than the slope of the terrace face (Figs. 2a, 2e; see section 
on Evidence for Sea-Level Lowstand). The entire sequence is 
capped by a unit of modern marine sediment (mud [m] or sand 
and gravel [sg]) which varies in thickness from 0-5 m and is 
usually difficult to resolve with the seismic equipment used in 
this study (Figs. 2b, 2d, 2g, 2h). For those terraces that dip 
seaward, the landward end commonly pinches out against a 
shallower protrusion. Usually, this high feature consists of 
bedrock or till with an unconsolidated sediment cover that rapidly 
thickens seaward (Figs. 2a, 2b, 2c, 2e). 

Side-scan sonographs and seismic profiles indicate a distinc
tive texture and surface appearance of some terraces. These 
indications have been corroborated by analysis of bottom grab 
samples and observations from submersible dives across several 
terrace sites. The sediments on some terraces appear coarser
grained (Figs. 2b, 2h) and better sorted than adjacent sediments 
immediately seaward. This trend was confirmed off Machias 
Bay in June 1985 during a Johnson Sea Link dive (JSL Dive # 
1596) on the terrace in Figure 2f (differences not resolvable on 
seismic). An abrupt increase in shell debris, accompanied by 
better-sorted sand, was encountered on a shore-normal transect 
across the terrace. More commonly, sampling across a terrace 
showed little textural change, due to a thin mantle of modern 
marine mud which ranges up to several meters in thickness. 



Q; 
<ti 
:;: 
:;: 
_Q 
c 

"' OJ 9 
E 
:;: 
0 
Qi 
.0 
(/) NW 
Q; 60 
a; 
E 
c 

70 
..c a. 
OJ 

0 
80 

90 

30 

40 

Q; 50 
<ti 
:;: 60 
:;: 

_Q 
c 70 

"' <1> 
E 80 
:;: 
0 
Qi 
.0 

~ N 
OJ 30 
a; 
E 40 
c 

..c 50 a. 
OJ 

0 60 

70 0 

80 

A submerged shoreline on the inner continental shelf 

WELLS EMBAYMENT 

(a) 

WB- 59 SE 

Km 

VE= 15x 

KENNEBEC RIVER 

:., 

',:·~~~.~ .. 
(c) 

SB-28 s 

0.1 0.2 

Km 

VE= Sx 

Land 

30 

40 

50 

60 

70 

80 

30 
NW 

40 

50 

60 

70 

80 

50 

60 

70 

80 

90 

NW 
50 

60 

70 

80 0 0 .1 

Km 

90 
VE =9x 

SACO BAY 

(b) 

SC - 22 
0 0.1 

Km 

VE = IOx 

SE 
0 .2 

- ----------!" __ _ 

gm-p 

gm-d 

(d) 

SE 

0.2 

Figure 2(a-d). Composite of shore-normal ORE seismic reflection profiles and interpreted sections. BU is an abbreviation for basal 
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TABLE I. EXPLANATIONS OF SYMBOLS FOR SEISMOSTRATIGRAPHIC UNITS USED IN FIGURES 2, 7, AND 8. UNITS ARE 
ANALOGOUS TO THOSE PRESENTED IN TABLE 1 OF BELKNAP ET AL. (THIS VOLUME). 

UNIT& REFLECTION 
SYMBOL INTENSITY REFLECTION GEOMETRY INTERPRETED LITHOLOGY 

Mudfml Very subdued Few internal reflections Modern marine mud 

Sand & Gravel lsg] 

Natural Gas [ng] 

Glacio-marine [gm) 

Intense 

Intennediate 

Subdued to intense 

Confonnable (draped) to ponded 

Convex-upward, acoustic wipe-out below 

Confonnable (draped) to ponded 

Modern sand and gravel 

Natural gas in sediment 

Glaciornarine mud, some sand 
Gm-ponded [gm-p I Subdued Ponded 
Gm-draped [gm-d] Subdued 
Gm-massive [gm-ml Intennediate 

Highly confonnable (draped) 
Weakly-stratified 

Distal glaciomarine to early modern reworked mud 
Proximal glaciomarine mud and sand interbedded 
Sub-ice glaciomarine sediment 

Stratified Drift fsd) Intense 

Till ft] Intense 

Stratified & wedge-shaped 

Massive 

Stratified coarse sediment 

Glacial diamicton 

Bedrock [br] Very intense Few internal reflections, hyperbolas common Crystalline bedrock 

LOCATION OF SHELF TERRACES 

The criteria discussed above identify objectively the occur
rence of terraces on the Maine inner continental shelf. Using 
these criteria, terraces were recognized at 145 sites. Since the 
location of most seismic lines was unbiased (i.e., dictated by 
location of LORAN lines or navigational buoys), the terrace 
crossings represent a reasonable sample of the total population 
on the inner shelf. 

Although four objective criteria were used to identify each 
terrace, a degree of subjective evaluation entered into the deter
mination of borderline cases. Likewise, assignment of depth 
parameters to each terrace was not ideal. The shallowest (top), 
middle, and deepest (bottom) depths were measured for each 
terrace (Fig. 3 ). Top and bottom depths occur as distinct changes 
in slope along the terrace profile. The middle depth is simply the 
midpoint between the top and bottom depths. The top depth for 
most terraces is usually obvious, while the bottom depth is more 
difficult to assess. For example, structural control of terrace 
geomorphology could deepen the bottom depth by as much as 20 
m. This situation occurred commonly in the Machias Bay area. 

Several different analyses establish the terrace depth dis
tribution on the Maine inner shelf. The first analysis shows 
absolute range distribution of all terrace depths in each study area 
(Fig. 4). A high degree of variability exists among the study areas. 
The wide depth variability in the Saco and Kennebec/Sheepscot 
areas is caused by numerous shallow terraces in these two study 
sites. The abundance of shallow terraces correlates well with 
relatively thick sediment cover in both these areas which had 
abundant fluvial material deposited on the inner shelf at a lower 
stand of sea level (Kelley et al., 1986; Belknap et al., this volume). 
The variability related to larger depth ranges observed in the 
Damariscotta region and Machias Bay relate to the high bedrock 
relief that characterizes both areas (Shipp, 1989). Wells embay
ment and Gouldsboro Bay have the least variation in both depth 
and range. This condition relates to the moderate sediment 
thickness that concentrates between the 40-70 m isobaths in both 
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Figure 3. Depth parameters on an ideal terrace profile. 

these areas (Shipp, 1989). Of the total number of terraces 
observed, 61 % of them have at least half their depth range (top 
depth to bottom depth) within the 50-65 m interval (Rows B, C, 
and D in Table 2). 

Inspection of the frequency plots of terrace depths also 
shows that the three depth parameters are not evenly distributed 
across the Maine inner shelf (Fig. 5). Further analysis of each 
plot by chi-square "goodness of fit" reveals that only the top depth 
is normally distributed at a significance level of 0.05 (Shipp, 
1989). Hence, the important aspect of these plots is not the 
average values (x on Fig. 5), but rather the asymmetrical distribu
tion of the tails. In all three depth plots, distributions skew toward 
the shallow depth end, indicating greater variability. Conversely, 
the deeper end shows less variability, especially the bottom depth 
plot which is truncated abruptly at a depth of76 m. 

Finally, a third analysis of the relative depth ranges of all 
shelf terraces reveals a similar trend (Fig. 6). The depth range 
(which can be as much as 30 m) of each shelf terrace was divided 
into 5 m-depth intervals across its entire range. The histogram 
in Figure 6 is a summation of the frequency of occurrence of all 
5 m-intervalsdetermined for each shelf terrace. For example, an 
absolute range of 53-67 m would have a frequency of one in each 
of the 50-55, 55-60, 60-65, and 65-70 m categories. Based on 
this relative range plot, the depth of occurrence reveals a primary 
mode at depths of 50 to 65 m (Fig. 6). 
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TABLE 2. TABULATION OF TRACK-LINE DISTANCES AND TERRACE PARAMETERS. 

STUDY AREAS* WE SB/SC KR DR GB MB TOTAL 

(A) Total track-line distance (in km) 550 251 279 190 196 144 1,6 10 
(B) Total terraces observed 31 33 27 14 26 14 145 
(C) Terraces between 50-65 m 20 14 5 13 23 13 88 
(0) Percent of total between 50-65 m 65% 42% 19% 93% 88% 93% 61 % 
(E) Total crossing at 60 m 7 1 45 36 149 54 23 378 
(F) Percent crossings at 60 m with terraces 28% 31% 14% 9% 43% 57% 23% 

*Abbreviations for study areas are (WE) Wells embayment, (SC) Saco Bay, (SB/KR) Sheepscot Bay/Kennebec River, (DR) Damari scona River. (GB) Gouldsboro 
Bay, and (MB) Machias Bay. 
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Because of the clustering of terraces in the vicinity of a 50-65 
m depth, a tabulation of all seismic crossings at this interval was 
compiled for presence or absence of terrace morphology. The 
analysis of all crossings at the arbitrarily chosen 60 m depth 
(terrace + non-terrace crossings, Row E in Table 2) shows that, 
although numerous terraces exist, only 23% of all 60 m crossings 
displayed terrace features (Row Fin Table 2). Typically, when 
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Figure 6. Histogram showing mean low water depth distribution of shelf 
terraces in all the study areas on the Maine inner shelf. Determination 
of terrace depth range is explained in text. 

terraces were absent, the sea floor at a 60 m depth consisted of 
near-vertical bedrock cliffs. These cliffs displayed relief of at 
least 10 m, which intersected flat , muddy basins at the seaward 
end (Figs. 2d and 2g). This tabulation suggests that shelf terraces 
occur at a depth of 50-65 m only when sufficient sediment 
thickness and/or conditions for preservation occur. 

EVIDENCE FOR SEA-LEVEL LOWST AND 

Three lines of evidence support a lowering of sea level to 
approximately 55-60 m below present on the Maine inner shelf 
and, therefore, provide a mechanism for interpretation of shelf 
terraces between 50-65 mas components of a lowstand shoreline. 
These are: ( I) differential preservation of terraces landward 
versus seaward; (2) seaward truncation of shelf valleys below the 
55-60 m depth; and (3) the presence of high intensity sub-bottom 
seismic reflections interpreted as a basal unconformity, marking 
the Pleistocene/Holocene boundary beneath the terraces. 
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A striking contrast in both sediment thickness and 
stratigraphic sequence occurs on shore-normal seismic sections 
across the Maine inner shelf (Fig. 7). Landward of the 50-65 m 
terraces, sedimentary deposits are thin (generally < I 0 m except 
in the shallow nearshore), ponded in small, discontinuous, 
bedrock-framed basins, and composed primarily of modem 
marine mud [m]. Seaward of 65 m, deposits rapidly thicken to 
30-40 m out to the 100 m isobath, reduce outcropping of bedrock 
above the sea floor, and consist of a more complete stratigraphic 
sequence of glacial till [t] overlain by several subunits of 
glaciomarine mud [gm], and capped by modem marine mud (m]. 
This differential preservation of sediment above and below a 
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depth of 55-60 m is interpreted to be a result of: ( 1) subaerial 
erosion of Pleistocene sediment during regression; and (2) wave 
exhumation during the subsequent transgression across the sea 
floor landward of a 55-60 m depth. This shore-normal trend is 
particularly evident in Gouldsboro Bay, where inshore of the 
lowstand shoreline features, less sediment is present compared 
to the thicker basins located farther offshore (Fig. 7b; compare 
Figs. 8a and 8b to 8c and 8d). 

Distribution of surficial sediments on the inner shelf sea 
floor displays an equally abrupt transition across the 50-65 m 
isobaths (Fig. 9). The innermost shelf is covered by a narrow, 
shore-parallel, sandy plain referred to as the nearshore ramp. 
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Immediately seaward of the nearshore ramp, the sea floor is 
characterized by outcropping bedrock with isolated small sedi
ment ponds (rocky zone) interspersed with occasional shore-nor
mal bands of flat-lying muddy sand to gravel, termed shelf 
valleys. Seaward of the 50-65 m terraces, the sea floor is 
predominantly modem marine mud (outer basin) with occasional 
bedrock outcrops. The truncation of shelf valleys at 50-65 m is 
interpreted as an indication of the depth of maximum lowstand. 
As sea level fell across the shelf, Pleistocene sediment was eroded 
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from the ridges, carried through the shelf valleys, and at least 
some of it was redeposited in the deep parts of shelf valleys and 
adjacent shelf basins. During sea-level rise subsequent to max
imum lowstand, littoral erosion removed much of the remaining 
sediment on the ridges and further redeposited sediment in the 
valleys and basins as a blanket of modem marine mud. 

A few shoreline deposits exhibit a high-intensity sub-bottom 
reflection which is frequently sub-parallel to the surface (labeled 
[BU] in Figs. 2a, 2e ). The angle of the reflection is usually greater 
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than the surface slope and frequently converges with the shal
lowest side of the deposit. The high-intensity reflection is inter
preted as a basal unconformity [BU] that separates the lower 
Pleistocene glaciomarine unit from the upper modem marine 
unit, and is considered equivalent to the basal unconformity 
described for barrier island sequences (Belknap and Kraft, 1985). 
This surface results from subaerial and/or areally limited fluvial 
erosion during the lowering of sea level. Unlike southern New 
England (e.g., McMaster, 1984; Oldale and Bick, 1987), most of 
the study areas along the Maine coast do not record evidence of 
major fluvial drainage across the shelf valleys, which should be 
preserved as cut-and-fill structures below the top of the bounding 
surface (basal unconformity) of glaciomarine sediments. An 
unusual, but excellent, example of preserved flu vial downcutting 
is at the mouth of the Penobscot River in the northernmost part 
of Penobscot Bay (e.g., Fig. 5 in Knebel, 1986). Across most of 
the inner shelf, the basal unconformity is often reoccupied by a 
ravinement surface (shoreface erosion zone during transgres
sion). Landward of the paleoshoreline (<60 m), the basal uncon
formity persists (Figs. 8a, 8b) due to the time-transgressive nature 
of sea- level rise, even though it is frequently disrupted by out
cropping bedrock. Immediately seaward of the paleoshoreline 
(60-90 m), the basal unconformity gives way to a paraconformity 
(Figs. 8c, 8d). Seaward of approximately 90 m depth on the 
present inner shelf, the paraconformity between Holocene 
marine mud and the underlying Pleistocene glaciomarine sedi
ment gives way to its correlative conformity. 

The interpretation of seismic units in the terrace deposits 
illustrated in Figure 2 suggests two distinct trends in development 
which are common to many drowned terraces on the Maine inner 
shelf. First, a majority of terraces have either no distinct map
pable unit of modem marine sediment (Figs. 2b, 2c, 2h) or just a 
thin cap (Figs. 2a, 2e). The presence of this unmappable or thin 
cover of either mud [m) or sand and gravel [sg] suggests that the 
rate of sedimentation in the modem marine environment has been 
significantly less than the rate during deglacial to early postgla
cial times. Exceptions to this trend are found at early Holocene 
depocenters in shelf areas adjacent to large rivers, such as the 
Kennebec paleodelta offshore of the Kennebec River (Belknap 
et al., 1986, this volume). 

Secondly, the interpretation of seismic units implies that. 
shelf terraces represent primarily erosional components of a 
lowstand shoreline. During deglaciation, the inner shelf would 
have been mantled by generally thick glaciomarine sediment 
(Fig. lOa). During the late Pleistocene/early Holocene regres
sion, relative sea leve l fell to a maximum lowstand of 55 to 60 m 
below present and initially cut a notch (bench) into glaciomarine 
deposits. In selected locations of higher sediment supply, 
lowstand shoreline deposits formed (Fig. I Ob). Due to the scour 
depth of the ravinement surface (possi bly controlled by 
variability of local wave conditions and paleogeography), sub
sequent sea-level rise during the Holocene transgression would 
either allow for adequate preservation (Fig. IOc) or, more com
monly, near-total erosion (Fig. !Od) of a large portion of the 

lowstand deposits. The depositional shoreline sequence and 
angular relationships, suggested in Figure I Oc, are not observed 
commonly on the Maine inner shelf (Fig. 2f, a possible example). 
Therefore, the erosional sequence, shown in Figure lOd, seems 
to best illustrate the more common origin of a majority of the 
terraces observed. Another important question is whether the 
ponded glaciomarine subunit [gm-p] represents strictly deglacial 
deposits or an accumulation of deglacial to early Holocene 
lowstand sediments. This question will be better answered when 
lowstand shoreline deposits are cored. 

An alternate interpretation of these seismic data is that the 
shelf features represent moraines from the Late Wisconsinan 
deglaciation. This possibility is refuted using previously pub
lished data. Within Machias Bay and Penobscot Bay (Fig. 1), 
two large moraines have been identified on seismic profiles and 
confirmed by correlation to adjacent terrestrial deposits (Belknap 
et al., I 987b; Shipp and Belknap, 1986; Shipp et al., 1984; Knebel 
and Scanlon, 1985). Although these large moraines have been 
shown to contain abundant stratified sediments in terrestrial 
section (Lepage, 1982; Smith, 1982), their seismic signature in 
both cases consists of massive incoherent reflections, unlike any 
of the reflections associated with terraces observed on the Maine 
inner shelf. 

LOCATION AND TIMING OF SEA-LEVEL 
LOWSTAND 

The distinctive characteristics of the shoreline terraces and 
the evidence for sea-level lowstand support a fall in sea level on 
the shelf to a depth of 55-60 m, formation of a lowstand shoreline, 
and a subsequent sea-level ri se which is continuing today. The 
exact timing of sea-level lowstand is unknown, because the 
submerged shoreline features have not been dated. Until the 
terraces are dated, their age can only be approximated by the 
contraints of existing data. 

As discussed earlier, sea level fell below the present 
shoreline between 12,000-11 ,500 yr B.P., and was located at a 15 
m depth but rising about 6 ,300 yr B.P. With moderate radiocar
bon-age control of the regression in the late Pleistocene and good 
control of the transgression from the mid- to late Holocene, a 
sea-level lowstand on the inner shelf of Maine is constrained as 
a late Pleistocene/early Holocene event between 11,500-6,300 yr 
B.P. (Fig. 10). The mid-point of that range, approximately 9,500 
yr B.P. , has been selected solely on a criterion of symmetry for 
the age of the lowstand (Belknap et al., 1986). Even though it 
could have occurred anytime within that time interval, 9 ,500 yr 
B.P. ± 1,000 yrs. seems most reasonable. The lowstand is thought 
to represent a time when the rate of isostatic rebound equaled the 
rate of eustatic rise. A minimum 60 m of isostatic rebound must 
have occurred in a 2,000-2,500 year period between 12,000-
9,500 yr B.P. (Belknap et al ., 1987a). This amount of rebound 
can be adequately accommodated by measurements of actual 
glacio-isostatic adjustment and existing geophysical models 
(e.g., Washburn and Stuiver, 1962; Clark et al., 1978). 
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In the western Gulf of Maine, several recent studies call for 
a maximum lowstand which is up to 30 m shallower than the 
depth of 55-60 m suggested by this investigation (e.g., Birch, 
1984; Knebel and Scanlon, 1985). However, it is important to 
note that these studies do show field evidence for a significant 
early Holocene lowstand on the inner shelf. The shallowest of 
these lowstands exceeds the I 0-15 m lowstand suggested by 
geophysical modeling of glacio-isostatic unloading of Late Wis
consinan ice (see next section). One factor that may have 
strongly influenced the magnitude (and possibly the timing) of 
glacial rebound, hence the absolute lowstand depth, is the thick
ness of glacial ice. Ice thickness may have varied significantly 
within the western Gulf of Maine, especially if active ice streams 
existed in the Gulf of Maine during the last glacial maximum 
(Hughes et al., 1985). 

IMPLICATIONS OF A SEA-LEVEL LOWST AND 

Stratigraphic Implications 

An early Holocene sea-level lowstand would not only form 
a shoreline at a depth of 50-65 m, but also would have a profound 
effect on the overall stratigraphy of the present-day onshore 
coastal zone and the inner continental shelf, as suggested in 
Figures 7 and 8. The coastal zone in Maine, extending from the 
present shoreline to the inland marine limit, would have been 
affected by the final stage of the late Pleistocene transgression, 
as well as the initial phase of the late Pleistocene/early Holocene 
regression. Seaward of the lowstand shoreline, the sea floor 
would have remained submerged since deglaciation and would 
have been minimally affected by sea-level fluctuations, with the 
exception of the area immediately seaward of the 60 m isobath 
that was above paleowave base (e.g., Fig. 7). The sea floor 
between the present shoreline and the 60 m isobath would have 
been affected not only by the first transgression and subsequent 
regression, but also by the second transgression that began in the 
early Holocene and is continuing today. 

This sequence of relative sea-level fluctuations and the 
stratigraphic implications for the coast and inner shelf of Maine 
are illustrated by a time series of shore-normal idealized cross 
sections from the late Pleistocene to the present in Figure 11. 
Beginning at the inland marine limit, a sea-level highstand 
occurred about 13,000-12,500 yr B.P., which is marked by a 
series of glaciomarine deltas at a present land elevation varying 
bet ween 60-130 m. Again, this variation in elevation is due to 
differential tilting of the surface to the northwest, caused by 
variations in ice thickness and timing of deglaciation. The region 
below the marine limit was characterized by a discontinuous 
cover of coarse-grained till , ice-contact stratified drift, and/or 
glaciofluvial out wash over bedrock. In tum, the entire shore-nor
mal sequence is blanketed by thick deposits of the finer-grained 
glaciomarine sediment of the Presumpscot Formation (Fig. 11 a). 

During the regression that followed, falling sea level passed 
the present shoreline between 12,000-11 ,500 yr B.P., subjecting 

present onshore coastal Maine to minor erosion as well as 
continuing subaerial exposure (Fig. I lb). By 9,500 yr B.P., sea 
level had reached its maximum lowstand at approximately 55-60 
m below present (Fig. I le). At 50-65 m below present, a 
lowstand shoreline formed by wave processes during slowly 
changing relative sea level (Fig. l 0). In areas of more abundant 
coarser-grained sediment, distinctive terraces were formed as 
part of the lowstand shoreline. Due to the paucity of high-sedi
ment supply areas, much of the lowstand shoreline was marked 
by steep bedrock scarps (e.g., Figs. 2d, 2g). This pattern of patchy 
terrace development mixed with large areas of exposed bedrock 
is analogous to the present-day Maine coast. From 60-90 m, 
above paleo-wave base of the lowstand, winnowing by waves 
would have exposed bedrock outcrops, but generally late Quater
nary sediment thickens seaward as winnowing processes become 
less important with increased depth. Seaward of the 90 m 
isobath, thick basinal deposits (at least 30-40 m) of modem 
marine mud conformably overlying glacial sediment were 
preserved below paleo-wave base. 

Today, transgression continues. Initially, sea-level rise was 
rapid, followed by a progressively slower rate of rise. The inner 
shelf between the present shoreline and the 55-60 m lowstand 
was exposed to extensive erosion and reworking by the second 
trangression (Fig. l ld). In shelf areas of thin glacial cover 
(outside the shelf valleys), such as the Wells and Damariscotta 
areas, shallow basinal deposits (<I 0-15 m) of modern marine 
mud are the most commonly preserved sediments above the 
lowstand shoreline. Conversely, in shelf areas of thick glacial 
deposits, such as Saco Bay and the Kennebec River mouth, much 
thicker sediments cover bedrock topography, preserving a more 
complete stratigraphic sequence above the 60 m isobath. 

Implications to Modeling of Glacial Isostasy 

Only recently has the rheological evaluation of the lithos
pheric response to glacial loading and unloading used actual 
sea-level data to calibrate theoretical models. Initially, building 
on the earlier work of Peltier ( 1974) and Farrell and Clark (1976), 
Clark et al. ( l 978) used a numerical approach to calibrate postgla
cial relative sea-level changes caused by the removal of an ice 
sheet of an arbitrary configuration. This type of geophysical 
modeling was then used to predict relative sea-level position 
during deglacial and postglacial time based on the input of actual 
sea-level data points. Several studies have used this technique 
in the Gulf of Maine, but have either used limited or unreliable 
data such as intertidal tree stumps (Newman et al., I 980) or 
extrapolated across broad areas containing no data (Quinlan and 
Beaumont, 1981, 1982). Recently, the postglacial relative sea 
level of the Gulf of Maine was again modeled, assuming a 
viscoelastic structure and a uniform upper mantle viscosity of 
1021 poise which was derived from other independent lines of 
evidence (Peltier, 1985, 1986). Interestingly, these modeling 
studies all predict a postglacial relative sea-level drop of only 
I0-15 m along the Maine coast. These results are in direct 

25 



R. C. Shipp and others 

z 100 

2 80 
~ 

Mean Seo Level 
(a) 13,000 - 12,500 yr B. P. 

> 60 (Hi9hstond) 

"' a; 
a; 
E 
.!: 
c: 
.2 
(ii 
> 
CD 
a; 

w 
_J 40 
w 

20 
Present 

0 MSL 
20 

40 
I 60 f-a... 
w 80 
0 

100 

120 

140 

100 

Modern Marine Mud 8 Sand 

Glaciomarine Sediment 

Glaciomarine Outwash (Dellos! 

Stratified Drift 

Till 

Bedrock l-1~-j 

z -0 
c: 0 80 nl ti 

HIGHSTAND DELTA (b) 12,000 - 11,500 yr B.P. 
.c 

60 a. > 
CD w 
0 _J 40 w 

LARGE MORAINE 

20 
Present 

0 MSL 
Mean Seo Level 

20 

40 0 5 10 
I 60 
Ii: 80 w Kilometers 
0 

100 
VE=100x 

120 

140 

Figure 11. A time series of idealized shore-normal stratigraphic cross sections depicting sea-level fluctuations and sedimentation 
during the late Quaternary development of the Maine coast and inner shelf. Glacial stratigraphy above present-day sea level modified 
from Smith (1985) and Kelley etal. (1987)and is not discussed in text. All stratigraphic units are listed in Table l, exceptglaciomarine 
outwash which is discussed in the references above. (a) Highstand of sea level at the inland marine limit at 13,000-12,500 yr B.P. 
(b) Falling sea level at the present shoreline between 12,000-11 ,500 yr B.P. 

conflict with the magnitude of sea-level drop suggested by the 
evidence presented in this study as well as several other inves
tigations previously mentioned. Because of this inconsistency, 
it is imperative to core and attempt to accurately date the sub
merged shoreline on the Maine inner shelf. Only with actual 
sea-level position data can rheological modeling resolve this 
difference between apparent and predicted magnitude of early 
Holocene sea-level lowstand in the Gulf of Maine. 

CONCLUSIONS 

A seismostratigraphic study of the Maine inner shelf has 
revealed the presence of distinctive shelf features concentrated 
at a present depth of 50-65 m. The characteristics of these 
features are a terrace underlain by at least 4 m of unconsolidated 
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sediment; a prominent terrace slope that usually varies between 
1.0-3.0° and commonly dips seaward; a sequence of 
glaciomarine mud capped by modem marine sediment, separated 
by an erosional unconformity; and a surface texture of coarser 
sediment relative to the surrounding area. These terraces have 
been interpreted as components of a lowstand shoreline which 
formed 9,500 ± 1,000 yr B.P. 

The implications of this proposed sea-level lowstand are 
threefold. First, a drop of sea level to 55-60 m in the early 
Holocene has controlled the stratigraphic sequence preserved on 
the inner shelf today. Second, the thickness and extent of the 
submerged shoreline at any site on the inner shelf is a function 
of the sediment supply and texture available to that site during 
the early Holocene. This is directly analogous to the significant 
variation observed along the coast of Maine today. Finally, only 
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after absolute dating of this submerged shoreline will accurate 
geophysical modeling of the g lacio-isostatic response in this 
region be possible. 
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ABSTRACT 

High-resolution seismic reflection profiles collected in Sheepscot Bay, Maine from 1983-1986 contain evidence 
of ten distinct seismic fades and subfacies in two seismic depositional sequences. The data base consists of 166 km 
of boomer data and 413 km of3.5 kHz tuned-transducer data. These seismic data were supplemented with side-scan 
sonar, grab samples, and submersible observations. Late Wisconsin glaciation >20,000 to 14,000 years before 
present (yr B.P.) and deglaciation from 14,000 to 12,500 yr B.P. were responsible for deposition of the first major 
sequence (G). Included facies are: till, stratified drift, and glaciomarine mud. Sea-level fluctuations, due to 
glacio-isostasy and glacio-eustasy, caused a marine transgression of deep water in contact with the ice front, followed 
by highstand (to +70 m locally) and subsequent regression. Regression continued to a lowstand at 50-65 m depth, 
at which time littoral processes created shorelines along much of coastal Maine. In the study area, the Kennebec 
River created a lowstand paleodelta. Subsequent transgression shifted paleodelta and estuarine environments 
landward, recycling sediments. The second depositional sequence (H) contains sediments deposited in several fades 
during lowstand and Holocene transgression. These are shelf basin and estuarine mud, sometimes containing 
natural gas, and paleodelta sand and gravel. 

The depositional sequence model clarifies the late Quaternary geologic history of the Sheepscot Bay region and 
the west-central Maine coast in terms of: (1) changing local relative sea level and shoreline positions, (2) location 
and nature of sedimentary environments in the transition from deglacial to marine and littoral environments, and 
(3) location and nature of unconformities. This methodology should be useful in similar studies elsewhere. 

29 



30 

47° 

45° 

43° 

71° 

CANADA 

+ 

QUEBEC 

+ 

·-

I 
r-:~ 

·r"') J ,., --
I ' 

4- ...... 

l / 

I 
' 

' I 
' 

.--

'-

' 

+ 

/ 

/1 
.I 

r' .· 
( ---
~ 

/ 

' 

' 
/ 

' 

D. F. Belknap and others 

I 
/' 

/-

' 
....... 

/ 

' 

/ .. -...._ 

.--

.--

....... 

69° 67° 

.-.. 
/"'.....j '-, 

··- / ), 
/ 

• I 

'> . 

' +i + 
-1 

/ 

1 NEW 
/ ' 

BRUNSWICK 

-- ....... I ...... 

~ \ / l 
: 

MAINE ....... ...... , 

....... 

/ 
+ ....... 

" 
/ 

' /, ..... 
--

(:J<,_, 

+ I 
-? 

( 
'( 

+""'"' <Q~ 

'"\ ,. ............ ) 

' (° 

EC 
~ 

'v~ €. 
~ f>.1 tl 

of 0 50 
I F3 E3 I 

KILOMETERS 

+ 

+ 

- END MORAINE 

- , ABOVE 0J3) 
~MARINE LIMIT \• • 
- - - BELOW +- - + 

GLACIOMARINE 
DELTA 

IC E FLOW 
DIRECTION + 

71° 69° 67° 

47° 

45° 

43° 

Figure I. Location map of Maine. The study area is indicated by the bold rectangle. Also shown are the postglacial marine limit, 
the area of deposition of the Presumpscot Formation (horizontal dashes), major end moraines (bold lines) and glaciomarine deltas 
(dots) (modified from Thompson and Borns, 1985). The four-fold geomorphic division of the coast is indicated by shore-normal 
boundary lines (SW, WC, EC, NE). 



Modeling of Late Quaternary geologic history, Maine coast 

INTRODUCTION 

In this paper we use extensive high-resolution seismic reflec
tion profiling to define late Quaternary stratigraphy in Sheepscot 
Bay, the inner shelf around Small Point, and eastern Casco Bay, 
Maine (Fig. 1 ). These data are coupled with side-scan 
sonographs, cores, bottom samples, and submersible observa
tions to construct a preliminary evolutionary model of the em
bayment. 

The goals of the present study are to reconstruct deglacial 
events in west-central coastal Maine in terms of processes and 
timing, and relationship to ice-margin and sea-level positions. 
The primary mechanism for this reconstruction is the interpreta
tion of high resolution seismic data through sequence stratig
raphy (e.g., Mitchum et al. , 1977a,b). Thus, rather than using 
formation names referred to a type section (lithostratigraphy: 
i.e., the "Kennebec Formation", "Boothbay Formation", etc.), or 
attempt a chronostratigraphic designation in poorly-dated but 
undoubtedly time-transgressive units, we have used the al
lostratigraphic approach of defining units based on their bound
ing dis continuiti es ( NACSN , 1983) . Therefore, the 
concentration is on depositional sequences and their boundaries. 
Finally, the models developed in this study area can be applied 
elsewhere on the Maine coast and in the Gulf of Maine. 

Sheepscot Bay, Small Point, and eastern Casco Bay (infor
mally designated "New Meadows Bay" herein) are located in the 
west-central (WC) coastal geomorphic compartment of Maine 
(Fig. I). It includes the seaward extension of the Sheepscot River 
and New Meadows River estuaries, strike-parallel embayments 
within the fjard coastline (Belknap et al., 1986). They are 
elongated, low relief ( <200 m) valleys whose alignment is paral
lel to the strike of adjacent bedrock peninsulas. Between the two 
embayments is the paleodelta of the Kennebec River, surround
ing Small Point. As with the remainder o f the Maine coast, the 
processes which produced the Quaternary sediments of the study 
area are the combined actions of glacial erosion and deposition, 
deglacial and glaciomarine sedimentation, and littoral and 
marine processes. Isostatic loading and unloading and eustatic 
sea-level rise (Schnitker, 1974; Stuiver and Borns, 1975; Belknap 
et al., l 987a) have produced major changes in relative sea level 
over the past 14,000 years (Fig. 2). These sea-level fluctuations 
caused major shifts in the shoreline and changes in the location 
of and processes in sedimentary environments. 

During the Late Wisconsin glacial epoch, the Laurentide Ice 
Sheet flowed in a south-southeasterly direction in this region 
(Thompson and Borns, 1985), nearly para I lei to the strike of the 
underlying hi gh-grade, metasedimentary, Precambrian to 
Paleozo ic rocks (Osberg et al., 1985). Ice erosion deepened 
stream valleys in less resistant rocks to produce the present 
coastal topography. G lacial ice extended into the Gulf of Maine 
and to Georges Bank at 18,000-20,000 yr B.P. (Pratt and Schlee, 
1969; Denton and Hughes, 198 1; Figure 2 in Hughes et al., 1985). 
Based on microfossil and grain-size data in shelf-basin cores 
(Schnitker 1975, 1986), it is likely that the margin was a floating 

ice shelf by 16,000 yr B.P. and changed to a calving embayment 
with a tidewater margin about 14,000 yr B.P. The calving margin 
reached the present coast between 13,800 and 13,200 yr B.P. 
(Smith, 1985; Thompson and Borns, 1985; Stuiver and Borns, 
1975; Borns, 1973). From then until about 13,000-12,500 yr 
B.P., ice retreated in contact with deep water, allowing transgres
sion up to the inland marine limit. As isostatic rebound overtook 
eustatic sea-level ri se, the floating ice margin could no longer 
retreat inland. The grounded ice front produced glaciomarine 
deltas at the inland marine limit (Thompson, 1982; Thompson 
and Borns, 1985). The marine limit is found today at elevations 
from 60 to 132 m above sea level, on a surface subsequently tilted 
by differential isostatic uplift (Anderson et al. , 1984; Belknap et 
al., I 987a). The marine limit was roughly+ 70 min the Sheepscot 
Bay region. The sea then retreated, resulting in a regressive 
sequence of shoaling within the glaciomarine mud, capped by 
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littoral sand and gravel. The glaciomarine mud produced within 
this transgressive to regressive sequence is the Presumpscot 
Formation, first named by Bloom (1960, 1963). Sea level fell to 
as low as -65 m (Schnitker, 1974; Belknap et al. , 1986, 1987a), 
producing a series of distinct lowstand shorelines (Shipp et al., 
this volume). As isostatic rebound decreased (roughly exponen
tially), eustatic rise became dominant and the ongoing marine 
transgression began. 

Previous marine geologic work in the Sheepscot Bay area 
has been limited to the study by Schnitker ( 197 4) and the present 
projects (Belknap et al., 1986, I 987b; Kelley et al., 1987). 
Schnitker (1974) reported on 3.5 kHz seismic data, three-meter 
long piston cores, and sediment grab samples. The piston cores 
in the deeper basins confirm the presence of gas-charged 
Holocene marine muds. Useful oceanographic data were 
generated by Graham ( 1970) using bottom drifters, and by 
McAlice and Jaeger ( 1983) using current meter and salinity 
measurements in the Sheepscot estuary. Fefer and Schettig 
( 1980) summarize marine geologic and ecologic data from the 
coast of Maine. Seismic reflection profiling studies in other 
embayments nearby include: Penobscot Bay (Knebel, 1986; 
Knebel and Scanlon, 1985; Ostericher, 1965); Casco and Saco 
Bays (Kelley et al., 1986, 1987); Machias Bay and Damariscotta 
River estuary (Belknap et al., 1987b); Gouldsboro Bay (Shipp et 
al., 1985, 1987); and the Sheepscot River estuary (Belknap et al., 
1986). Oldale et al. ( 1983) investigated the drowned paleodelta 
of the Merrimack River offshore of northeastern Massachusetts, 
and Oldale and Bick ( 1987) and Oldale and Wommack ( 1987) 
have mapped Massachusetts Bay and the northeastern Mas
sachusetts nearshore zone. Birch (l 984a,b) conducted a detailed 
seismic survey of the New Hampshire inner shelf. These later 
studies have built on preliminary surveys such as Oldale et al. 
(1973), and Folger et al. ( 1975). 

Quaternary sediments onshore were mapped by Smith 
( 1976). Kellogg ( 1982) examined coastal sedimentology in 
regard to archaeological sites in the Boothbay region. Finally, 
L. K. Fink and students have studied the Popham Beach system 
for more than a decade (Nelson and Fink, 1978; FitzGerald and 
Fink, 1987). 

METHODS 

The primary data base discussed in this report consists of 
high-resolution seismic reflection profiles. Two systems were 
used: a Raytheon RTIIOOOA 3.5 kHz profiler with a 200 kHz 
fathometer printing simultaneously, and an ORE Geopulse 
"boomer" system. The Geopulse was run at I 05 and 175 joules, 
filtered between 500-700 and 1500-2000 kHz. The present data 
set was collected primarily on 10 m research vessels between 
1983 and 1986, at less than 10 km/hr, using Loran C as the 
primary navigational aid. In all, the 1983-1986 data are from 413 
km of3.5 kHz and 166 km ofGeopulse lines (Fig. 3). 

Bottom sediment samples were collected with a Smith-Mac
Intyre grab sampler (Kelley et al., 1987). Sediment samples are 
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described in terms of estimated gravel, sand, and mud percent
ages. Presently, all samples are in the process of detailed 
analysis. Digitally-rectified side-scan sonar images from an 
EG&G SMS 960 Sea floor Mapping System were used to site the 
sediment samples and to correlate with the reflection seismic data 
(Kelley et al., 1987). In many cases, use of the side-scan sonar 
and vertical seismic reflection profiles together with sediment 
grabs resulted in a clearer interpretation of the data than use of a 
single method would allow. For example, large ripples easily 
visible on the side-scan data were seen to form an interference 
pattern in the 3.5 kHz data. Similarly, Kelley et al. ( 1987, Fig. 
18), as well as Birch (1984b) and Knebel (1986) have 
demonstrated that darker side-scan return patches on smooth 
bottom correlate with outcrops of the Presumpscot Formation 
noted in seismic profiles. As another example, grab samples and 
submersible observations confirm the gravelly sand texture of 
rippled surfaces (Belknap et al. , 1988). 

Dives were conducted in 1984 aboard the submersible Mer
maid II, in conjunction with ROY (Remotely Operated Vehicle) 
observations; in 1985 aboard the submersible Johnson Sea Link; 
and in 1986 and 1987 aboard the submersible Delta. Nineteen 
kilometers of sea floor were traversed with continuous geologic 
observation, periodic 35 mm photography, and near-continuous 
videotape coverage, along lines of existing seismic and side-scan 
data. These observations confirmed details of remote ly-sensed 
data, such as shape, sediment texture, and dimensions of large 
oscillation ripples, textural transitions from gravelly sand to mud 
along the paleodelta slope, and domination of physical versus 
biogenic reworking (Belknap, 1985; Belknap et al. , 1988). 

We have used vibracores, bridge borings, and outcrops on 
nearby land to confirm seismic interpretations (Belknap et al., 
1986; Kelley et al. , 1986), but as yet no vibracores are available 
outside the estuaries in the study area. Despite the lack of 
extensive on-site core data, correlation with cored intervals 
nearby, bottom observations, and grab samples provide prelimi
nary verification of lithology of seismic stratigraphic units. 

RESULTS AND DISCUSSION 

Seismic stratigraphic units were identified based on mor
phology of bounding surfaces, intensity of acoustic contrasts, and 
intensity, frequency, and geometry of internal reflections. 
Belknap et al. ( 1986, Fig.4; I 987b) discuss this approach in more 
detail. It is a methodology similar to that described by Mitchum 
et al. (l 977a,b). The units described below are seismic facies 
units, which are contained within one or more seismic deposi
tional sequences. These facies and sequences are summarized 
in Table l. 

Seismic Facies Units 

Unit BR is always the lowest unit observed (Figs. 4-8). It 
has a sharp, high intensity return on a highly irregular surface. 
No true internal reflections are seen, but hyperbolic surface 
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returns and side echoes are common. Unit BR is interpreted as 
Paleozoic (or older) bedrock. Numerous outcrops observed on 
shore, in side-scan data, and on submersible traverses confirm 
this interpretation. No Mesozoic-Cenozoic rocks (e.g. , Tagg and 
Uchupi, 1966; Uchupi , 1966; Oldale et al ., 1973 ; Birch, l 984a,b; 
Fader et al. , 1977) were noted in the west-central Maine inner 
shelf. 

Overlying bedrock in limited areas is unitT (Figs. 5,6) which 
occurs in two subunits - Tm and Tb. It has a sharp upper boundary 
with a strong reflection, and chaotic internal reflections. Subunit 
Tm has a mounded geometry (Figure 5) and ranges from two to 
more than seven meters in thickness. Subunit Tb is a thin (0.5 to 
>2 m) layer, draping over and ponding in irregularities in 
bedrock. It is often difficult to distinguish, but occurs as a 
broadening of the usually sharp bedrock return, with indistinct 
internal reflections rarely visible within the acoustic pulse. This 
seismic facies unit is the equivalent of Birch's (l984b) uni t I. 

Unit T is interpreted as till. Tm is in the form of minor moraines, 
such as those found on land nearby by Smith ( 1976), representing 
de-grounding of marine-based ice. Elsewhere there are larger 
recessional moraines. For example, in Machias Bay a submerged 
unit Tm is traceable to the immediately adjacent Pond Ridge 
moraine onshore (Shipp and Belknap, 1986; Belknap et al. , 
1987b). Kelley et al. ( 1986; 1987, Fig. 19) have confirmed the 
interpretation of till with side-scan images of bouldery surface 
lags over this unit in Casco Bay. Unit Tb is interpreted as thin 
drift. Ti ll in nearshore Maine d iffers from the "li ft-off moraines" 
as seen by Kingand Fader( l 986) in being denser, more reflective, 
with chaotic internal bedding, and Jacking the steep conical form 
of the la tter. 

Schnitker (1974) interpreted basal units over much of the 
study area as till , both d issected by stream erosion and with an 
undissected morphology. Our present interpretation based on 
more detailed, higher resolution seismic data is that till is not 
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TABLE I. CHARACTERISTICS OF SEISMIC DEPOSITIONAL 
SEQUENCES AND FACIES, MAINE INNER SHELF. 

Seismic 
Depositional Facies 
Sequence Unit Characterist ics 

7 

H 6 

5 

4c 

4b 

4a 
G 

3 

2b 

2a 

Pz 

NG 

SG 

M 

GM-P 

GM-D 

GM-M 

SD 

Tm 

Tb 

BR 

Strong return, convex 
upward shape, fuzzy 
upper surface 
Strong, ringing return 
well s tratified, channels 
and foresets 
Weak to transparent. 
flat, ponded in basins 

Strong to moderate 
surface return, weak to 
transparent internal 
reflections, ponded 
Strong, rhythmic bedding, 
draped 

Weak to transparent, 
faintly bedded, draped 

Strong return, wedge 
shape, stratified, 
interfingers with 2 & 4 
Strong return, chaotic 
internal reflections, 
mound shape 
Strong return, indistinct 
interior reflections 

Very strong, sharp return, 
no internal reflections, 
steep slopes and peaks 

Interpretation 

Natural gas 
acoustic wipcout 

Holocene sand 
and gravel 

Holocene marine 
basin mud 

Glaciomarine mud 
distal from grounding 
line, minor effects of 
ice rafting 
Glaciomarine: 
interbedded mud, 
silt and sand 
Glaciomarine sediment 
or diamicton: grounding 
line deposit 
Stratified drift 

Till, moraine ridge 

Till, thin drift 

Paleozoic bedrock 

widely distributed in the area. Schnitker's (1974) "undissected 
till" is interpreted here as natural gas acoustic wipeout zones 
(Belknapetal., 1986, 1987b;Schubel, 1974). The"dissectedtill" 
is here interpreted as stratified paleodelta deposits (Belknap, 
1985). Schnitker ( 1974) suggested a lowstand at -65 m. While 
we interpret the seismic records differently, the -65 m depth can 
be supported by the change from sand and gravel to mud at the 
seaward edge of the Kennebec paleodelta. 

Unit SD is laterally adjacent to and interfingering with unit 
GM and sometimes till, and overlies bedrock and till. It is 
stratified and occurs in wedge-shaped bodies that thin seaward. 
This facies is not prevalent in the study area, but can be found 
interfingering with GM in Figures 4 and 5 (strike sections), and 
overlying till in Figure 6. Unit SD is interpreted as ice-contact 
stratified drift deposited as proximal subaqueous outwash (Rust 
and Romanelli, 1975) associated with ice grounding lines, 
analogous to strata found in stratified moraines of Washington 
County, Maine (Thompson, 1982; Borns, 1986). 

Unit GM-M is the basal unit in a thick sequence of highly 
variable facies overlying bedrock and till (Figs. 4, 8). It is weakly 
reflective and generally massive, but with occasional stratifica-
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tion which demonstrates its draped nature. It is found only in the 
thickest sequences of GM and is always overlain by unit GM-D. 
We interpret this seismic facies as representing massive 
gladomarine mud or diamicton, with few dropstones or sorted 
coarser material. It may represent rapid but uniform initial 
sub-ice shelf deposition in deep local basins. Knebel ( 1986) did 
not differentiate this unit from the rest of the gladomarine (Qp ), 
but it is clearly evident in his Figure 5. It also has similarities to 
King and Fader's (1986) "till tongues." 

Unit GM-D is highly stratified, with a sharp but smooth 
upper bounding surface which drapes underlying bedrock or 
sediment (Figs. 4, 5, 8). It is often rhythmically bedded and 
concentrically drapes underlying topography. Almost every 
Geopulse profile in this area demonstrates examples of this 
seismic facies within the deeper portions of sedimentary basins. 
It is similar in character to King and Fader's ( 1986) Emerald Silt 
Fades A and to parts of Birch's (1984b) unit 2. As shown by 
Piper et al. ( 1983 ), this draping character indicates rapid sedimen
tation from suspension. The draping nature and rhythmic fluc
tuations in grain size are typical of deposits from 
overflow-interflow processes of proglacial environments (e.g., 
Smith and Ashley, 1985). Unit GM-Dis interpreted as draped 
glaciomarine mud, the equivalent of the lower portions of the 
Presumpscot Formation found on land. We interpret the environ
ment of deposition of this fades as glaciomarine, at least in part 
under an ice shelf (Schnitker, 1975, 1986) nearthe ice grounding 
line. The rhythmic layering is interpreted as alternating fine sand 
to silt and silty clay beds, based on correlation with exposures of 
the Presumpscot Formation at Bunganuc Bluff, in northwest 
Casco Bay (Kelley and Hay, l 986a, Fig. 44). Variation in water 
content might also play a part in the variable reflectivity (see 
Tucholke and Hollister, 1973). 

Unit GM-P is an acoustically transparent to faintly bedded 
seismic facies. It is horizontally bedded in ponded, sometimes 
discontinuous lenses and, like the draped glaciomarine mud, is 
very common (Figs. 4, 5, 8). It may correspond to the basal 
sections of Birch's ( 1984b) unit 3, and King and Fader's (1986) 
Emerald Silt Facies B. Its contact with the underlying draped 
glaciomarine mud is conformable, either parallel or as divergent 
fill in lows. More than 30 vibracores from Saco Bay, Casco Bay 
(Kelley et al., 1986), Sheepscot River (Belknap et al., 1986), and 
Damariscotta River (Belknap and Shipp, 1986) have penetrated 
into the ponded glaciomarine mud. It is clearly identified as the 
Presumpscot Formation, on the basis of texture (slightly sandy 
silty clay to clayey silt with occasional dropstone gravel), stiff
ness, and blue-gray color. Its environment of deposition is 
interpreted as distal glaciomarine: a cold, turbid-water calving 
embayment (Thompson, 1982; Stuiver and Borns, 1975; Bloom, 
1960, 1963). The ponded horizontal bedding probably results 
from density underflows, perhaps low-density turbidity currents, 
distant from the ice grounding line, produced by slumping and 
resedimentation of glacial and glaciomarine sediments. Oc
casional ice-rafted coarse debris produces small hyperbolic 
returns (a possible example is seen at 45 m depth at time 1235.5 
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in Fig. 6). The upper surface of the ponded g laciomarine mud 
varies in nature with depth below sea level. Above -60 to -70 m, 
the surface shows a strong reflection, with channels and gullies 
(Fig. 4). In cores and borings down to a t least 30 m depth 
(Belknap et al., 1986; Kelley et al. , 1986) it is oxidized and stiff. 
This surface reflects subaerial exposure during emergence and 
creation of a distinct unconformity. Below 70 m depth the upper 
surface of the g laciomarine mud is less distinct (Fig. 5), becoming 
paraconformable, and below about 90 m it is conformable with 
overlying units. This latter relationship is interpreted as con
tinuous marine submergence. 

Other deglacial units are known to occur in coastal Maine. 
Smith (1985, Fig. 2) and Kelley et al. ( 1987, Fig. 46) portray the 
generalized stratigraphy of the coast. Ice-contact stratified drift 

overlies and interfingers with till in a variety of locations. 
Glaciomarine deltas composed of sand and gravel are found at 
the inland marine limit, up to 132 m above present sea level 
(Thompson, 1982; Anderson et a l. , 1984; Thompson and Borns, 
1985). The seaward strata within these landforms interfinger 
with glaciomarine mud of the Presumpscot Formation and some
times abut till , as at Pineo Ridge in Washington County, Maine 
(Miller, 1986). Since these deltas appear to occur uniquely near 
the marine limit, they do not occur within the seismic data of our 
study area. 

Unit Mis acoustically nearly transparent to 3.5 kHz and ORE 
Geopulse signals (Figs. 4, 5, 7). It caps the basin floors, lapping 
up onto bedrock outcrop, in an angular or moat-like contact. 
Submersible observations, grab samples, and piston cores 
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(Schnitker, 1974) confinn this unit to be Holocene inner shelf 
basin and estuarine mud. It is not yet possible to distinguish 
between open marine and estuarine conditions in the mud in the 
seismic data. Unit M is the equivalent of Knebel 's ( 1986) Qh, 
the upper part of Birch's (1984b) unit 3, and King and Fader 's 
( 1986) LaHave Clay. 

Unit SG is a strongly reflecting, well-stratified facies. The 
3.5 kHz signal is rapidly attenuated within the upper 5-10 meters 
of sediment. Commonly, this facies spreads out in convex-up
ward lobes and fills channels in the underlying glaciomarine 
sediments (Figs. 4, 5, 7, 8). Bottom grab samples and submer-
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sible observations confirm that the surface of this facies is 
gravelly sand (Kelley et al., 1987). It is often worked into large 
bedfonns such as large oscillation ripples and large sand waves 
(Belknap et al., 1988). A thin mud drape is an apparently 
ephemeral surface cover. We interpret steeply dipping 
clinofonns in unit SG as deltaic foresets (Figs. 4, 7). The 
expected topset units are occasionally visible, but difficult to 
distinguish from seismic ringing. 

Channels filled with sand and gravel commonly cut 10-20 
m into earlier-deposited units (Figs. 6, 8). The sand and gravel 
supports much steeper slopes than the mud, including distinct 
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steps and terraces. Near the present shoreline, sand and gravel 
shoreface deposits overlie the erosional ravinement surface 
formed during the Holocene transgression, grading into the 
littoral units of the present beaches. Sand and gravel may also 
be present at the toe of foresets, in channels cut into the 
glaciomarine deposits. We interpret this facies as coarse deposits 
in tidal paleo-estuarine channels created at the sea-level 
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lowstand. Seismic line SB-23 (Fig. 4) best displays this aspect 
of SG, but it is likely that it occurs in many of the channel axes, 
masked by natural gas. 

The final seismic signature discerned is unit NG. It is a 
convex-upward, dark reflection which absorbs the seismic signal 
almost completely (Fig. 4, 7). It is termed an acoustic wipeout 
zone. Based on similar signals described elsewhere (e.g., Vilks 
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Figure 8. Geopulse profile SB-26, off Small Point (Seawall) Beach. Prominent channels within SG indicate former course of the 
Kennebec River. Location shown in Figure 3. 

et a l., 1974; Schubel, 1974 ), we interpret the cause of wipeout as 
reflection from natural gas bubbles. Presumably, this gas is 
largely methane. Cores taken in these zones show gas bubble 
voids (Belknap et al. , 1986) and tend to blow off their caps when 
stored at sea-level pressure, evolving a flammable gas. Natural 
gas occurs in shelf basins and over deep valleys cut into 
glaciomarine sediments when Holocene mud reaches greater 

than 15 m thickness. In this setting it may evince: ( I) buried 
marsh (Fader et al., 1977), (2) sediment deposited in the organic
rich turbidity maximum zone of paleo-estuari ne systems which 
mig rated landward during sea-level ri se (Belknap et al. , 1986), 
or (3) an equilibrium of methane production and sediment per
meability in a critical thickness of organic-rich mud. Natural gas 
is also found in lesser concentrat ions in the glaciomarine sedi-

39 



D. F. Belknap and others 

ments. In any case, the deep natural gas zones are most common 
offshore of fluvial systems, which suggests terrestrial sources of 
organic material. 

Distribution of Seismic F acies and Sedimentary Environments 

Seismic profiles, shown above and in Belknap et al. (I 987b ), 
delineate distinct facies changes within the study area. Figure 9 
is a simplified map of the seismic facies distribution. Sand and 
gravel dominates the mouth of the present Kennebec River and 
surrounding Cape Small. The fan-shaped area, composed of sand 
and gravel, is bedded in foresets, topsets, and distinct channels. 
It overlies glaciomarine mud, till, and possibly subaqueous 
outwash or ice-contact stratified drift. We interpret this associa
tion as a lowstand paleodelta of the Kennebec River (Belknap, 
1985; Belknap et al., 1986), analogous to the Merrimack 
Paleodelta offshore of New Hampshire (Oldale et al., 1983 ). The 

source of sediment for this lowstand paleodelta is reworked 
glacial and glaciofluvial sediments within the Kennebec and 
Androscoggin River drainages. Borns and Hagar (1965) 
demonstrate that glacial outwash of the Embden Formation, 
which fills much of the present northern Kennebec River valley, 
is deeply dissected. The material was reworked locally into the 
North Anson Formation. It is likely, however, that much of this 
eroded material was carried down the Kennebec River to the Gulf 
of Maine. Transport would have been enhanced at sea-level 
Iowstand due to the increased topographic gradient caused by 
lowering of base level. 

Shipp et al. (this volume) show that a prominent series of 
shorelines occurs along the Maine coast at 50-65 m depth. They 
were produced at the lowest postglacial sea level, sometime 
between 10,000 and 8,000 yr B.P. These predominantly 
erosional shorelines are most common in areas of abundant 
coarse sediment, such as off Wells and Saco Bay. In most of the 
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west-central Maine coast such coarse sediment and shorelines 
are both lacking. At the Kennebec paleodelta, lowstand 
shorelines are suggested in Figure 5, but along most of the 
paleodelta margin, prograding lobes at shallower depths (down 
to -50 m, as indicated by topset-foreset contacts and steep 
prodelta slopes) predominate (Fig. 7). Evidence for ultimate 
depth of sea-level fall within the study area is most clearly 
provided by the depth at which the regressive unconformity 
becomes a conformity (70-90 m), allowing for a 15-20 m wave 
base scour zone. 

In the central and eastern sections of Sheepscot Bay, sand 
and gravel are absent; the section is dominated by Holocene mud 
in basins, separated by bedrock ridges and infrequent till ex
posures. The basins are underlain by thick sections of 
glaciomarine mud, both ponded and draped facies. The axes of 
the basins are dominated by natural gas acoustic wipeouts, 
obscuring the depth to bedrock and Quaternary sediments. 
Stratified units in the channel axes suggest early Holocene tluvial 
or tide-dominated estuarine sediments. Deep mud-filled basins 
can be traced as coherent paleo-drainage systems into the modem 
estuaries. Therefore, these are drowned estuaries occupying the 
shelf valley systems. We identify shelf valleys of the New 
Meadows and Sheepscot Rivers, and a shelf valley associated 
with Booth Bay. Belknap et al. (1986, l 987b) discuss the evolu
tion of these estuarine systems with sea-level rise. The sedimen
tary environments were displaced landward, recycling sediments 
and shifting depocenters. 

The paleo-Kennebec River valley has no offshore extension, 
rather it terminates in the paleodelta. The Kennebec River may 
have experienced channel switching during oftlap, lowstand, and 
early onlap phases, leaving several prominent buried channels in 
the paleodelta (Fig. 9). Upson and Spencer ( 1964), Tolman et al. 
( 1986), and Kelley and Hay ( l 986b) have traced lower sea level 
courses of deranged streams on the Maine coast. The Andros
coggin River may have exited through the Brunswick sand plain 
into Maquoit or Middle Bay in northeastern Casco Bay (Fig. I ) 
(Kelley and Hay, J986b). The New Meadows River is another 
possible channel of the Androscoggin. The Androscoggin aban
doned these channels, switching to its present course in Mer
rymeeting Bay (at the junction of the Androscoggin and 
Kennebec Rivers, Fig. I). We speculate that this occurred during 
Holocene regression and lowstand. 

The Kennebec River also switched channels, at least near its 
present mouth. Profiles SB-26, SB-85-4, and SB-85-10 (Figs. 3, 
8, 9), indicate that a major channel exited near the present Morse 
River Inlet, when sea level was 20-25 m below present (6,000-
7 ,000 yr B.P., Fig. 2). This former channel is filled with laterally 
prograding sigmoidal clinoforms (Fig. 8). Vibracores within the 
paleochannels in the Morse River and Atkins Bay penetrate 
predominantly sand (Belknap et al. , 1989). 

Also within the paleodelta of the Kennebec River are steps 
and terraces, interpreted as separate delta lobes produced near 
lowstand and during rising sea level. Figure 10 shows a 
prominent step and terrace, with an erosional surface at 18 m 

below sea level. This erosional zone is within the sand and 
gravel, well above the level interpreted as glaciomarine (e.g., Fig. 
8). The modern beach systems of Popham, Small Point 
(Seawall) , and Reid State Park are composed of sediments 
reworked from this paleodelta. An erosional unconformity rep
resenting the shoreface ravinement surface is clearly visible in 
Geopulse lines run offshore of these beaches, in a water depth of 
I 0 to 20 m. This eroding shoreface became the predominant 
subtidal environment after sediment transport to the paleodelta 
decreased, which was a result of rising sea level, decreasing 
drainage gradient, and lessened supply of sand upstream. The 
modern surface of the paleodelta is composed of gravelly, muddy 
sand, with abundant shell fragments (Belknap et al., 1988). This 
surface is reworked into rippled scour depressions (Cacchione et 
al., 1984) and sand waves during winter storms, and receives an 
organic-rich mud drape during the summer(Belknap et al., 1988). 

Sedimentation in the deep basins is by pelagic settling and 
probably by periodic low-density turbidity currents. Bedrock 
ridges and the paleodelta are swept relatively clean of fine 
sediment by tides and waves. In addition, slumping occurs along 
channel margins, at least within the estuaries (Belknap et al. , 
1986; Kelley et al. , 1986, 1987). 

Seismic Depositional Sequences 

There are two major depositional sequences as defined by 
seismic data found within the west-central Maine nearshore, 
which are probably representative of much of the shallow north
ern Gulf of Maine. Figure 11 is a schematic representation of 
these seismic depositional sequences and the seismic facies units 
contained within them. 

The lower boundary of depositional sequence G (glacial
glaciomarine) (Fig. 11 ) is defined by the basal unconformity on 
top of Paleozoic bedrock. Its upper surface is an erosional 
unconformity above 60-70 m below sea level and gradually 
becomes a paraconformity to conformity below that level. The 
included seismic facies have been interpreted (above) as till, both 
in moraines and thin drift, stratified drift, draping proximal 
g laciomarine mud, and ponded distal glaciomarine mud. The 
base of the depositional sequence demonstrates onlap (and local 
concordance) by marine facies, as an ice shelf and later a deep 
calving marine embayment replaced glacial ice. This onlap 
terminates at the inland marine limit (Thompson and Borns, 
1985). The upper boundary demonstrates erosional truncation, 
down to at least 65 m below present sea level. This sequence 
boundary is a result of rapidly falling relative sea level (Fig. 2), 
which reached a local lowstand as deep as -65 m. Wave base was 
a further 15-20 m below this level. Below wave base, uninter
rupted submergence resulted in more-or-less continuous basin 
accumulation. 

The base of depositional sequence H (for Holocene) is 
defined by the top of sequence G and its upper surface by modern 
sea floor. The use of the term Holocene is somewhat arbitrary, 
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QUATERNARY DEPOSITIONAL SEQUENCE MODEL 
West-Central Maine Inner Shelf 
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Figure 11 . Schematic diagram of seismic depositional sequences, based on the eastern margin of the paleodelta. Sequence G rests 
on bedrock and its upper surface is an unconformity developed during regression. The unconformity grades to conformity in deep 
basins. Sequence H starts at the top of G, onlapping during transgression to the present shoreline. Local offlap in H is due to the 
prograding Kennebec paleodelta. 

as the interface of G and H is not well dated, and is time 
transgressive. The seismic facies included in sequence H are 
shelf basin mud, paleodelta sand and gravel, and littoral sedi
ments (shoreface, beach, and estuarine). Natural gas deposits 
occur within the shelf basin or estuarine muds. Baselap 
(Mitchum et al., l 977a,b) of depositional sequence His complex. 
Under the Kennebec paleodelta the interface demonstrates 
downJap, as the delta prograded. This probably occurred during 
late stages of falling sea level until the lowstand. The overall 
deltaic sequence, with a toplap upper surface, demonstrates 
offlap. In the deeper basins, the relationship is concordant. 
During sea-level rise the shoreline transgressed the paleodelta, 
with temporary shoreline stillstands at delta lobes, until littoral 
erosion became dominant. 

CONCLUSIONS 

We have defined ten distinct seismic facies units and sub
units, based on character and geometry of reflection. They are 
(Table I): ( 1) BR - bedrock, (2) T - till , in two forms: Th - basal 
till and Tm - deglacial (recessional) moraines, (3) SD - ice-con
tact stratified drift, (4a) GM-M - sub-ice-shelf massive 
glaciomarine mud or diamicton, (4b) GM-D - proximal draped 
glaciomarine mud, ( 4c) GM-P- distal ponded glaciomarine mud, 
(5) M - Holocene mud, (6) SG - sand and gravel, and (7) NG -
natural gas. These facies occur within two major depositional 
sequences (Fig. 11). Sequence G includes the glacial and degla
cial Pleistocene units, representing the marine onlap and offlap 
phases. Sequence H approximates the Holocene transgression. 
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Figure 12. Three-dimensional block diagrams of evolution of the west-central Maine coast during (a) deglaciation, (b) highstand, 
(c) early Holocene lowstand, (d) early-mid Holocene transgression, and (e) present slow transgression. 

We use the term "approximates" because the interface between 
these two depositional sequences is a time-transgressive surface 
which varies in nature from an erosional unconformity to a 
paraconformity and finally a conformity in deeper basins. 

The west-central Maine inner shelf has evolved through the 
combined action of glacial, glaciomarine, littoral, and marine 
sedimentary processes. Bedrock structure controls the location 
of major sedimentary basins in the study area. Shelf valleys 
partiaJly filled with Quaternary sediments can be traced from the 
80 m depth contour on the present shelf into the present New 
Meadows and Sheepscot Rivers, and Booth Bay (Fig. 3). These 
represent paleo-estuaries which retreated landward during the 
latest marine transgression, with a concomitant shift of sedimen
tary environments (Belknap et al., 1986). 

Evolution of the Sheepscot embayment - Kennebec 
paleodelta system is summarized in Figure 12. Local relative sea 
level fluctuated because of glacio-isostatic and eustatic effects 
(Fig. 2). This fluctuation caused a transgression of deep shelf 
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environments in contact with retreating glacial ice from 14,000 
to 12,500 yr B.P. Figure 12a shows the calving ice margin 
grounded on bedrock pinning points, depositing till and stratified 
drift and proximal glaciomarine sediments. Figure 12b is the 
setting at maximum highstand. A regression occurred from 
12,500 to ca. 9,500 yr B.P., resulting in the lowstand setting 
portrayed in Figure l 2c. The sea paused at the lowstand position 
long enough to cut distinct shorelines at 50-65 m depth (Shipp et 
al. , this volume). A strong unconformity was created at the top 
of the Pleistocene section during the regression and lowstand, 
while in the shelf basins sedimentation was more-or-less con
tinuous. Massive influx of sand and gravel from the Kennebec 
River built a delta during both regression and transgression, 
prograding over Pleistocene units. As sea level rose and sediment 
input waned, progressively shallower delta lobes were built on 
the upper surface of the paleodelta closer to the present Kennebec 
River mouth (Figure l 2d). In the mid-Holocene, shoreface 
erosion became the dominant process controlling the shoreline. 
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Slowing of the rate of sea-level rise allowed a strong ravinement 
surface to form from -20 m to the present shoreface (ca. 6,000 yr 
B.P. to present; Fig. 2). Figure 12e portrays the present continu
ing slow transgression. 

Establishing the seismic stratigraphic setting has been a first 
step to understanding the complex geologic evolution of the 
west-central Maine inner shelf. We are presently undertaking a 
program of offshore coring in conjunction with continued seis
mic and submersible studies, in order to better constrain the 
assumptions on the remote data. In addition, we hope to tie this 
record with that of the deeper Gulf of Maine and the onshore 
record to more completely understand the full deglacial history 
of the region. 
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ABSTRACT 

Saco Bay is a large coastal reentrant on the southwestern coast of Maine. It has experienced a deglaciation, two 
marine transgressions, and a withdrawal of the sea to the 65 m isobath within the past 14,000 years. Seismic 
reflection and side-scan sonar profiles, as well as bottom samples and submersible dives, have permitted mapping 
of the physiography and surficial geology of the bay. The extensive sandy beaches and muddy salt marshes of the 
bay are bordered on their seaward side by a gently sloping sandy region called the nearshore ramp. Numerous 
rippled-scour depressions across this area suggest the transfer of nearshore sand to bedrock-framed shelf valleys 
which connect the nearshore ramps to the deepest portion of the bay, the outer basin. The muddy outer basin begins 
with the lowstand shoreline at 65 m depth and continues seaward beyond the 100 m isobath. Throughout the bay 
bottom, bedrock outcrops are common, but in the rocky zone they are the principal bottom type. In many locations 
the rocky zone is not exposed rock, but a boulder-capped veneer over a washed till deposit. 

As sea level has risen across the bay in the past 9000 years, sands introduced from the Saco River and from 
eroding till outcrops have probably maintained a barrier beach system. Since the slowing of the rate of sea-level 
rise began 3,500 years ago, the barrier beaches of Saco Bay have grown seaward. They are presently experiencing 
a scarcity of sand in some places as a result of a more rapid contemporary rate of sea-level rise and interference 

from coastal jetties and sea walls. As more and more of the sand within the system moves offshore or is buried 
beneath residences on the beaches, the future health of the system is endangered. 
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INTRODUCTION 

Saco Bay is a prominent coastal reentrant on the south
western Maine coast (Fig. I). On the basis of its geomorphology, 
the shoreline along this portion of the western Gulf of Maine is 
classified into the Arcuate Embayments coastal compartment 
(Kelley, 1987; Kelley et al. , 1986). The characteristic features 
of this compartment, which extends south from Cape Elizabeth 
into northern Massachusetts, are numerous embayments with 
conspicuous sandy barrier spits that are separated by rocky 
headlands of igneous or metamorphic rock (Tuttle, 1960; Osberg 
et al., 1985). The barrier beaches of the compartment typically 
protect extensive salt marsh systems, although tombolos which 
front lagoons or mudflats, such as at Biddeford Pool, also exist 
(Hulmes, 1981). 

While some research has been conducted on the barrier 
beach and back barrier areas of Saco Bay and other embayments 
in thiscompartment(Hussey, 1970; Farrell, 1972; Hulmes, 1981; 
Macintyre and Morgan, 1964), only recently has the offshore 
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region of Saco Bay been described (Kelley et al., 1986, 1987), 
and as yet there has been no integration of the onshore and 
offshore geology. The purpose of this report is to review the 
geology of pertinent terrestrial and marine features of the Saco 
Bay region, and to describe the evolution of these features in the 
context of late Quaternary sea level fluctuations. 

PREVIOUS WORK 

Numerous workers in southern Maine have mapped ter
restrial deposits resulting from the last glaciation (Thompson and 
Borns, 1985). Early interest focused on a stratified moraine 
complex south of Saco Bay which was thought to represent a 
climatic readvance of glacial ice (Katz and Keith, 1917; Bloom, 
1960). Subsequent research has dismissed the concept of a 
climatic readvance (Smith, 1981) in favorof a deglaciation model 
of a retreating marine-based ice sheet (Smith, 1982). 
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Late Quaternary evolution of the Saco Bay region 

Bloom ( 1960, 1963) first defined the glaciomarine sedi
ments deposited contemporaneously with the retreat of the ice as 
the Presumpscot Formation. He recognized that the marine 
inundation leading to deposition of the Presumpscot Formation 
resulted from isostatic depression of the land by the weight of the 
ice. He also recognized that sea level fell rapidly due to crustal 
uplift following removal of the ice (Bloom, 1963). Based on an 
erosional unconformity on the surface of the Presumpscot For
mation that was discernible in borings through the Scarborough 
River salt marsh, Bloom ( 1963) felt that relative sea level dropped 
I 0 m beneath present sea level about 7000 years ago. Borns and 
Hagar ( 1965) named the regressive fluvial deposits overlying the 
unconformity on the Presumpscot Formation surface as the 
Embden Formation in the Kennebec River valley. 

Stuiver and Borns (1975) presented the first detailed 
chronology oflate and early postglacial events based on radiocar
bon dates from within the Presumpscot Formation. Their work 
was recently updated (Smith, 1985; Belknap et al., I 987a) and 
indicates a receding ice margin at the present coast at 13,200 yr 
B.P. Most radiocarbon dates from within the Presumpscot For
mation range between 11 ,000 yr B.P. and 13,000 yr B.P. , but since 
many dated objects are shells of intertidal organisms which 
flourished during the period of falling sea level, the time of 
maximum marine inundation is often thought to be 13,000 yr B.P. 
(Thompson and Borns, 1985). 

Although early workers recognized that postglacial sea level 
in Maine fell below the present shoreline (Bloom, 1963; Hussey, 
1970), Ostericher ( 1965) was the first to recognize, using seismic 
reflection profiling, that the regressive unconformity on the 
surface of the Presumpscot Formation extended far offshore. He 
obtained a date of 7 ,390 yr B.P. from a core sample of the 
regressive unconformity at 18 m depth in Penobscot Bay. Using 
seismic reflection profiling methods, Schnitker (1974) later 
recognized a "berm" or shoreline cut into sediments at 65 m 
depth, although no age determination could be made of the time 
of sea level lowstand. In Saco Bay, Kelley et al. (1986, 1987, 
and below) have also recognized a shoreline around 60 m depth, 
and that is the generally accepted depth of the lowstand in the 
region (Shipp, this volume) for a time estimated to be 9,500 yr 
B.P. - 9,000 yr B.P. (Fig. 2). 

Although sandy cores from Saco Bay indicate some river 
sediment introduction during the most recent transgression 
(Luepke and Grosz, 1986), Hulmes ( 1981) concluded that the 
Biddeford Pool tombolos were formed by the erosion of glacial 
sediments. Cores from the Pool record no marine sediments cut 
off from the sea by growing spits, but rather estuarine sediments 
filling a basin rimmed by (formerly more extensive) glacial 
deposits (Hulmes, 1981 ). 

Farrell ( 1972) speculated on the basis of grain size analysis 
of Saco Bay bottom sediment that glacial deposits were also once 
more abundant near Prouts Neck. He also recognized relict dunes 
and lagoons near the Saco River and made cross sections of the 
Scarborough Marsh from cores. Although he provided no 
radiocarbon dates, recent dated cores from the Wells Marsh 

(Belknap et al., I 987a) contain a similar stratigraphy and provide 
a modern chronology (Fig. 2). Folger et al. ( 1975) and Oldale et 
al. ( 1973) prepared preliminary bottom sediment maps of Saco 
Bay and vicinity, but Kelley et al. ( 1987) first integrated a large 
scale sampling program with side-scan sonar imagery, seismic 
reflection profiles, and submersible dives. 

METHODS 

The methods employed for this report are described in detail 
elsewhere (Kelley et al., 1987) and will only be summarized here. 
In 1985, 175 bottom stations were occupied in Saco Bay, and 121 
samples were analyzed for grain size, % carbon, and % CaC03. 
In addition, about 200 km of seismic reflection profile data were 
gathered with both a Raytheon RTT I OOOA 3.5 kHz system and 
Ocean Research Equipment Geopulse "boomer" equipment. 
About 50 km of side-scan sonar imagery were also gathered in 
conjunction with the Geopulse seismic reflection profiles. The 
side-scan sonar data were collected with an EG&G Model 960 
sea floor mapping system which provides slant range corrections 
on scales of 50 m to 600 m to either side of the vessel. Finally, 
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in both 1985 and 1986, submersible dives (R. VJ ohnson Sea Link; 
R. V Delta) were made at two locations in the bay. While 
hundreds of photographs and hours of videotape were collected 
during the dives, their greatest value was in acquainting the 
authors with the bottom, which had only been remotely sensed 
previously. 

Interpretation of seismic reflection profile data can be am
biguous, but reflectors observed in Saco Bay were similar to those 
reported from other locations (Birch, l 984a,b; Belknap et al., 
1986, l 987b; King and Fader, 1986). In addition, cores from the 
bay (Luepke and Grosz, 1986) and borings along Old Orchard 
Beach (Cimino, pers. commun., 1985) added confidence to the 
interpretations. 

The lowermost reflector observed in most seismic reflection 
profile lines is interpreted as the surface of bedrock. No reflec
tions are seen beneath the irregular and hard bedrock return which 
could often be traced directly from outcrops on land. Overlying 
the bedrock is an acoustic unit with a strong coherent surface 
return and chaotic internal reflections. This is believed to be till , 
and side-scan sonar imagery frequently shows boulders on the 
surface where it is exposed. The most widespread unit in the bay 
possesses a low-relief and coherent surface reflection with 
numerous internal reflectors. The internal reflectors typically 
parallel the underlying topography near the base of the unit and 
become less prominent in the acoustically transparent upper 
portion of the record. This unit is interpreted as the glaciomarine 
Presumpscot Formation (Bloom, 1960) and cores into it indicate 
a coarse grained surface (Ostericher, 1965; Luepke and Grosz, 
1986). This surface is interpreted as the transgressive unconfor
mity created by the most recent rise of the sea. Above this major 
reflector, a variety of materials form the surface sediment of the 
bay. Nearshore, a nearly acoustically opaque unit is interpreted 
as modern sand, while acoustically transparent mud covers the 
sea floor in the deeper portion of the bay (Kelley et al., 1986, 
1987). Thickness of the seismic units is highly variable across 
the bay, and extensive areas of exposed rock exist. In the axes 
of paleovalleys sediment is thickest, and as much as 50 m of till 
and glaciomarine sediment, and 20 m of Holocene material is 
inferred to exist (Kelley et al., 1986, 1987). 

PHYSIOGRAPHY AND SURFICIAL GEOLOGY OF 
SACO BAY 

Supratidal 

The supratidal coastal environments of Saco Bay include 
bedrock outcrops, modem and ancient dunes and spits, lagoons, 
and a closed tidal inlet. Bedrock outcrops are generally restricted 
to exposures at prominent headlands such as Biddeford Pool, 
Prouts Neck, and Cape Elizabeth, or to island shorelines (Fig. 3). 
Widespread exposures also exist south of Crescent Beach and 
Higgins Beach, and small outcrops exist or were removed from 
several locations along Old Orchard Beach (Fig. 3). 
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Sand dunes comprised of fine, well-sorted sand up to 6 m in 
elevation front most of the bay's beaches (Farrell, 1972), al
though dunes are presently absent along those portions of Old 
Orchard and Higgins Beaches that are developed for residential 
and commercial structures (Fig. 3; Timson, 1986; Timson and 
Lerman, 1980). No research has yet been conducted on or in the 
dunes of Saco Bay. 

Landward of the active frontal and back dune environments, 
extensive paleodunes and occasional relict spits, lagoons, and 
shorelines are preserved (Figs. 3, 4). Undeveloped paleodunes 
and spits are covered by a mature Pitch Pine forest and possess 
2-3 m of rounded relief. Freshwater-brackish lagoons lie 
landward of the paleodunes. These environments have not yet 
been cored, and paleoenvironmental interpretations are based 
only on morphology (Nelson, 1979; Farrell , 1972). 
Paleoshorelines are also inferred to exist along the landward 
marginofBiddeford Pool (Hulmes, 1981), as well as in theProuts 
Neck area (Nelson, 1979). Emerged beach deposi ts are mapped 
on Prouts Neck (Thompson and Borns, 1985) although no re
search has been conducted on the internal stratigraphy of these 
features. The shorelines appear as linear ridges or sloping sur
faces cut into till, but are of low local relief ( <2 m). One closed 
inlet is positively known from the present Old Orchard-Scar
borough town border (Fig. 3; Farrell, 1972). This inlet was 
similar in size to the Goosefare Brook inlet and was closed when 
the railroad line was built in the late 19th century. During 
construction on the site of this former inlet, Farrell (1972) 
observed trough cross-bedding in trenches along its former axis. 
Prior to the closing of the inlet, Pine Point was a barrier island 
and much smaller in size than at present. Farrell ( 1972) inferred 
that inlet closure led to the rapid growth of Pine Point by sand 
derived from the south. 

Intertidal 

Sand beaches, sand flats, and salt marshes are the principal 
intertidal components of Saco Bay (Fig. 3). Farrell ( 1972) made 
numerous topographic surveys at five equally-spaced stations 
along Saco Bay and evaluated the grain size of 120 samples from 
Pine Point to the Saco River. He noted differences in topography 
and sediment texture between the two ends of the beach. While 
the Pine Point end of the beach exhibited a wide (225 m), flat 
largely intertidal profile with a primary grain size mode at 2 phi 
(fine sand), the Saco River end of the beach was narrow (60 m) 
and steep with a primary grain size mode at I phi (medium sand). 
An abrupt contact between the two extremes was located at the 
central portion of the beach. He associated both the narrowing 
and coarsening of the beach to the south with the loss of a fine 
grained sub-population of sediment from that area. Although 
Farrell noted few significant changes in the width of Old Orchard 
Beach, Nelson ( 1979) determined that the shoreline was retreat
ing rapidly at Camp Ellis, Western Beach, and Higgins Beach, 
and spits were actively growing into the Scarborough and Spur
wink Rivers. 
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Figure 3. Supratidal and intert idal envi ronments and landforms in Saco Bay. Wave diagram modified from U.S. Army Corps of 
Engineers ( 1982) represents hindcast height and direction data from Latitude 43°50'N, Longitude 68°00'W, 1948-1950. 

Subsurface data from the beaches of Saco Bay are very 
scanty, and very little is known of the tidal inlets of the bay. 
Engineer's logs for high rise construction near the former site of 
a tidal inlet revealed 15 m of sand beneath the dunes of that area 
with scattered horizons of peat and gravel (Cimino, pers. com
mun .. 1985). Most of the borings met refusal in very stiff clay, 
interpreted as the Presumpscot Formation, around 20 m depth. 
Beyond the bedform migration studies of Trefethen and Dow 
( 1960) and Farrell ( 1970) on the tidal deltas of the Scarborough 
River, there have been no published reports from these environ
ments. 

The Scarborough Marsh has been extensively cored by 
Farrell ( 1972). A typical cross section (Fig. 5) grades upward 

from a sand or mud flat overlying the Presumpscot Formation 
possibly as deep as 7 m. Silty sand or a th in brackish water peat 
underlies a much thicker Spartina peat which forms the present 
marsh surface. Although Farrell provides no radiocarbon dates 
for the Scarborough Marsh, an identical stratigraphic section was 
cored and dated from the Webhannet River Marsh in Wells, 
Maine (Belknap, et a l. , I 987a, Kelley et a l. , 1988). The transition 
from freshwater to salt marsh occurred at 3,500-4,000 yr B.P. and 
marks a time when the rate of sea level rise throughout the region 
slowed significantly (Oldale, I 985a; Scott and Greenburg, 1983). 

Spit progradation, beach retreat, and salt marsh accretion are 
measurable, on-going processes in Saco Bay today as the 
supratidal landforms indicate they were in the past. Tidal deltas 
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and inlets remain as important, unstudied components of the 
intertidal system. 

Nearshore Ramp 

The nearshore ramp is defined as that portion of Maine's 
inner continental shelf possessing coast-parallel contours and 
extending seaward from sand beach regions like Saco Bay 
(Kelley et al., 1987; Fig. 7). The slope of the nearshore ramp is 
very gentle (0.6° is the average of 6 shore-normal traverses) 
except near local bedrock outcrops (Fig. 6). Very fine sand with 
a mean grain size varying from 3.2 phi to 3.6 phi floors much of 
the central and outer nearshore ramp (Farrell, 1972; Kelley et al., 
1987) except near rock outcrops and in the vicinity of Prouts 
Neck. Adjacent to bedrock exposures, gravel, shells, and mud 
deposits crop out on the sea floor, and inferences based on seismic 
records indicate these are reworked Pleistocene sediments (Table 
1; Fig. 8). 

At the 10 m isobath, an abrupt contact between the fine sands 
of the central bay and coarser sand of the beach face appears to 
mark the location of wave base under non-storm, summer con
ditions (Fig. 9). The material landward of wave base is shaped 
into megaripples with a spacing of 1-2 m and orientation of050° 
mag (parallel to the beach trend). The height of the bedforms 
cannot be calculated since the shadow of one ripple terminates 
against the adjacent ripple. Occasionally, 1-2 m deep channels, 
normal to the coast and lined with megaripples, extend from the 
inner to the outer nearshore ramp. These appear similar to the 
storm-generated, rippled-scour depressions described by many 
others (Cacchione et al., 1984; Morang and McMaster, 1980), 
although their origin remains uncertain. 

Cores from the nearshore ramp indicate that the upper sandy 
substrate does not extend very far beneath the surface (Fig. lO; 
Luepke and Grosz, 1986). Five out of twelve vibracores col
lected by the Army Corps of Engineers to evaluate the inner bay 
as a source of sand for beach nourishment encountered what is 
interpreted as the Presumpscot Formation within 2 m of the 
surface (Kelley et al., 1987). While the contact with the 
Presumpscot Formation appears deeper except near bedrock on 
most seismic profiles, it may be lost in the bubble pulse which 
obscures the upper 5-7 meters of most records. 

Figure 4. Aerial photographs of Saco Bay shoreline features: (a) 
Goosefare Brook (background) is fronted by extensive paleodunes 
(forested) and embayed by several relict spits (arrows with white 
outline). Residential development is wisely located in the paleodunes 
on the south side, but extends with seawalls onto the frontal dune to the 
north; (b) Massacre Pond is fronted by paleodunes (arrow) at Scar
borough Beach State Park. Much of the former lagoon is a freshwater 
marsh today. Bulge in beach is caused by wave shadow from an 
offshore outcrop. Photographs taken May 9, 1986. 
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Figure 5. Cross section of Scarborough Marsh behind Pine Point (after Farrell, 1972). Borings from the Maine Department of 
Transportation (Bloom, 1963) indicate that the bedrock is greater than 30 meters beneath the marsh surface. 

TABL E I. GEOLOGICAL ENVIRONMENTS OF SACO BAY 

Environment Depth(m)/ #Samples %C %N %CaC03 
Elevation(+) 

Paleodunes, spits +3-+6 (a) 

Modern dunes +3 - +6 (a) 

Beaches 0-3 120(b) 

Nearshore ramp 0 -30 49(c) 1.5 0.2 2.2 

Shelf valley 30 - 65 26(c) 5.4 0.65 3.0 

Rocky zone 0 - 100 26(c) 2.6 0.3 8.4 

Outer basin 55- 100 20(c) 3.1 1.7 4.3 

a: personal observation (Kelley) 
b: Farrell. 1972 
c: Kelley et al.. 1987 

Shelf Valleys 

At several locations in Saco Bay (Fig. 7) the nearshore ramp 
grades without interruption into channels we term shelf valleys 
(Kelley et al., 1987; Swift et al. , 1980). The shelf va lleys are 
framed by bedrock and only partly filled with sediment today 

%Mud %Sand %Gravel M orphology 

100 Hummocky dunes. recurved spits 

100 L inear ridges. low hummocks 

100 Sigmoidal profile curvilinear trend, 

6 92 2 Smooth seaward slope with rock outcrops 

23 67 IO U-shaped channel with rocky margins 

12 51 37 Variable, from high relief rock to flat , 
boulder-littered plains 

61 38 1.0 Smooth with gentle seaward dip and rock 
outcrops 

(Fig. 11 ). Most of the floors of the shelf valleys are covered with 
muddy sand which grades into sandy mud in a seaward direction 
(Kelley et al. , 1987). Till and glaciomarine sediment are inter
preted to partly fill the valleys, and a strong seismic reflector 
marks what is interpre ted as the channeled surface of the 
Presumpscot Formation (Fig. 11 ). Toward the margins of the 
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Figure 6. Bathymetric map of Saco Bay with location of figures cited in the text (simplified from National Ocean Survey, 1970). 
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Figure 7. Physiographic zones of Saco Bay. Details about local bottom sediment conditions are described in Kelley et al. ( 1987). 
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Figure 10. Vibracores from the nearshore ramp collected by the U.S. Army and described by Luepke and Grosz (1986). The 
unconformity over the muddy deposits is inferred on the basis of local stratigraphy. Cores are located in Figure 6. 

shelf valleys and near bedrock "islands" in the channels, Pleis
tocene sediment appears to crop out on the sea floor (Figs. 12, 
13). On side-scan sonar records this material is very dark (strong 
acoustic reflector) compared to the muddy, very light channel 
axis deposits (weak acoustic reflectors). Bottom samples 
returned from the margins of channels are usually a muddy, sandy 
gravel with a large concentration of shell debris (Kelley et al. , 
1987). Submersible observations reveal that the carbonate debris 
and possibly cobbles, which are common in the channel margin 
deposits, originate from the bedrock outcrops. In other locations 
extensive fields of megaripples exist near rock outcrops. The 
crests of the bedforms are often parallel to those of waves 
associated with "northeasters", or major winter storms, rather 
than normal to the valley trend (Figs. 3, 14). During a summer 
submersible dive to the megaripples of one shelf valley (Fig. 14 ), 
the edge of the field of bedforms was observed by one of us 
(Kelley) to be covered with mud, and up to several centimeters 
of mud filled many of the troughs of the sandy gravel megarip-
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pies. Generally speaking, the shelf valleys are finer grained, and 
richer in organic and carbonate carbon than the nearshore ramps 
(Table 1). 

Rocky Zone 

Rocky interfluves separate the shelf valleys, and the rocky 
zone is the most extensive physiographic region of the south
western Maine inner continental shelf(Fig. 7; Kelley et al., 1987). 
Although exposed bedrock is the major component of the rocky 
zone, flat, coarse-grained substrates described as "gravel plains" 
are locally common (Kelley et al., 1987). They appear as 
boulder-littered, low-relief surfaces with a complex mosaic of 
sediment textures. Between Prouts Neck and Bluff/Stratton 
Island (Fig. 6, 15), bands of gravel with boulders up to 6 m in 
diameter alternate with sandy mud patches (Fig. 16). Farrell 
( 1972) recognized the unusual sediment texture here and postu
lated that the shallow area was held up by a large till deposit. 
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Figure 13. Side-scan sonar image of bedrock island in shelf valley seen in Figure 12. The dark portion of the image is muddy gravel 
derived from eroding Pleistocene sediments at the sea floor. Megaripples (arrow) in gravel are indicative of the winnowing of the 
Pleistocene sediment. Light tones represent muddy bottom. Location shown in Figure 6. 
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Figure 14. Side-scan sonar image of megaripple field in shelf valley. The field is oriented with bedforrn crests parallel to that of 
northeast storm waves (NW-SE) and is adjacent to a bedrock outcrop. While muddy sand dominates the floor of the shelf valley 
thalweg, the gravelly sand of the megaripples originates from eroding Pleistocene sediments near the outcrop. Location shown in 
Figure 6. 



NW 

Late Quaternary evolution of the Saco Bay region 

N 
17:15 17 :20 17:40 17 :45 17:50 17:55 

Prouts Neck Bluff Island 

10 

20 

~ 30 
Q) 

Q; Bedrock 

~ 40 

500m 
50 

Bedrock Presumpscot 
10m FE= 50x 

(H20) 
Fm. 

60 

SC-30 

70 

12:20 12:26 12:40 12:45 12:50 12 :55 

Presumpscot 
Fm. 

13:00 13 :05 

s 
18:00 18:05 

Wood Island 

A 
10 

20 

30 ~ 
Q) 

a; 
40 ~ 

50 

60 

70 

13:1 0 13 :15 
SE 

13 :20 
MHw.--~~~--!-~~-.-~~~~~..._~~~--!-~~~_._~~~~>--~~~-<-~~~-'-~~~~'--~~~-<-~~~--t 

Higgins Beach 

10 B 10 
Outer basin -

20 20 

30 30 

40 40 
~ ~ 

~ 50 
~ 

Q) 

50 a; 

60 -

70 

80 

90 

100 

5oom 

10m r.=
(H20ll VE- 50x 

~ 

60 

70 

80 

90 

100 

Figure 15. Interpreted seismic reflection profiles from Saco Bay. (a) Cross-section parallel to shore shows the differing depths of 
the Prouts Neck and Wood Island shelf valleys. Till and possible barrier beach-inlet deposits fill the area between Bluff Island and 
the mainland; (b) Shore normal seismic reflection profile across the nearshore ramp into the outer basin. Outer basin sediment 
thickness is greater than other locations in the bay. The shoreline location is not the deepest known from the area and is, thus, not a 
"lowstand" feature. Location shown in Figure 6. 

Combined side-scan sonar and seismic reflection profile data 
(Fig. 16, and unpublished seismic data) do show that this "gravel 
plain" is a reworked till deposit as are many similar regions off 
Wells, Maine (Kelley et al., 1987). The seismic reflection profile 
clearly indicates that a plug of till chokes the bedrock depression 
near Prouts Neck. A thick sequence of inferred Holocene sedi
ments containing channel-shaped acoustic reflectors within that 
sequence, however, implies a more complex origin for the shal
low region near Prouts Neck. It is possible that a barrier spit 
derived from the till , and a tidal inle t may also have once been 
present in the area and further complicated the texture of the 
surficial sediment (Fig. 16). 

In addition to exposed bedrock and reworked till deposits 
(gravel plains), numerous small sediment ponds exist within the 
rocky zone (Kelley et al., 1987). These are individuaJiy small, 
but so numerous that in the aggregate they possess a great deal 
of sediment. Most of the ponds dip in a seaward direction and 
many are covered with megaripples. Because the large surface 
area of bedrock adjacent to the sediment ponds is covered with 
attached organisms, carbonate content of the sediment ponds is 
the highest in the region and ranges up to 80% of the surficial 
sediment (Table I; Kelley et al., 1987). In general, the rocky zone 
possesses the coarsest and most carbonate-rich sediment in the 
study area (Table I). 
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Figure 16. Side-scan sonar image of gravel plain in rocky zone near Prouts Neck. Large boulders (arrows) rest on gravel deposits 
of eroded till (dark) while lighter areas are sand and mud. Location shown in Figure 6. 

Outer Basin 

The final physiographic region of Saco Bay is the outer basin 
(Fig. 7, Kelley et al., 1987). This zone extends seaward of the 
100 meter isobath (border of the study area) , but possesses a 
relatively well defined landward border at about 65 m depth (Fig. 
6). It is here that the shelf valleys lose their topographic identity 
and where numerous features interpreted as shorelines exist (Fig. 
17). 

While most of the outer basin is flat and covered with sandy 
mud, occasional bedrock and till outcrops exist (Kelley et al. , 
I 987). Typically, a halo of shelly gravel surrounds the bedrock 
exposures, and bottom samples from features interpreted as 
shorelines contain sandy gravel. However, a submersible dive 
on one shoreline feature recorded soft mud over the area. As 
might be expected, the deep outer basins possess the finest 
grained, most organic-rich sediment in the study area (Table I). 
These areas also contain relatively high concentrations of cal
cium carbonate which may reflect a low rate of inorganic sedi
ment input. 

Sediment volume is much greater in the outer basin than in 
any other location in Saco Bay (Fig. 15b). At least 40 m of 
Quaternary sediment, most interpreted as glaciomarine material, 
fill a deep bedrock basin. Till is interpreted to exist beneath the 
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shoreline on the outer basin margin, and till of unknown thickness 
fills at least one deep portion of the outer basin (Fig. I Sb). In the 
absence of cores it is difficult to pinpoint the Pleistocene
Holocene contact. In the deeper water of the outer basin, con
tinuous sediment accum ul ation probably marked the 
Pleistocene-Holocene transition, and the strong coherent acous
tic reflector selected as the boundary (Fig. 17) is very tentative. 
If the strong reflector represents coarse-grained sediment in
fluenced by waves and nearshore processes at the time of the sea 
level lowstand, then I 0-30 m of Holocene sandy mud may overlie 
Pleistocene sediment in the outer basin. 

In general, the sand content of sediments increases in a 
landward direction across Saco Bay, reflecting an increase in 
wave and tidal energy toward the shoreline. Gravel outcrops 
occur in all regions where coarse-grained Pleistocene sediments 
are exposed by erosion. These exposures are most common near 
bedrock outcrops, but also occur on the axes of shelf valleys 
where downcutting and erosion of Holocene sandy mud may 
occur. High organic carbon and nitrogen values are associated 
with muddy sediments similar to many other places. Carbonate 
values are less easily understood, however. While it is clear that 
high carbonate values occur near bedrock outcrops which host 
encrusting organisms, it is not clear why such high values were 
encountered in the outer basins. 
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Figure 17. Seismic reflection profile across shoreline bordering outer basin. This is not the deepest shoreline known, but shows the 
prominent reflector interpreted as the Holocene-Pleistocene contact. Location shown in Figure 6. 

EVOLUTION OF SACO BAY 

Prior to the last glacial advance, valleys incised into bedrock 
already existed in Saco Bay, as well as in other locations in the 
region (Tolman et al. , 1986). The retreating ice margin, which 
reached the southern Maine coast 13,800 yr B.P. (Smith, 1985), 
left a considerable volume of till in some of the deeper bedrock 

valleys (Fig. 15) and in the outer basin. No laterally extensive 
moraines have been found in this study area or to the south 
(Kelley et al., 1987), however, to support the ice-margin orien
tations suggested by Oldale (1985b). Accompanying retreat of 
the ice, glaciomarine sediment (Presumpscot Formation, Bloom, 
1960) was draped across the sea floor and accumulated to 
considerable thickness ( 10-30 m) in bathymetric lows like the 
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shelf valleys and outer basin (Figs. 8, 11, 15). The strong, 
coherent reflectors near the base of the acoustic unit identified 
as the Presumpscot Formation (Figs. 8, 15) mimic the underlying 
topography and imply rapid sediment deposition from suspen
sion (Piper et al., 1983). Above this horizon there are fewer 
reflectors within the seismic unit identified as the Presumpscot 
Formation. This more acoustically transparent material probably 
accumulated relatively slowly in deep water between 12,500 and 
13,000 yr B.P. (Fig. 2). 

Following general retreat of the ice from Maine (Smith, 
1985), crustal rebound led to emergence of the marine sediments 
and establishment of a new drainage network on the former sea 
floor. Because the major paleovalley in Saco Bay, which exists 
beneath the Scarborough Marsh (Kelley et al., 1986), was choked 
with till and glaciomarine sediment, the Saco River was forced 
to locate a new channel in its present valley. As relative sea level 
fell between 12,000 and 9,500 yr B.P. (Fig. 2), the Saco River, as 
well as the other smaller streams of the area (Scarborough River, 
Spurwink River), at first deposited sand and gravel over the 
muddy sediments of Presumpscot Formation in a fashion similar 
to that described by Borns and Hagar (1965) for the Kennebec 
River valley. With falling sea level and an increasingly steep 
gradient, the Saco and other local rivers began to downcut into 
till, glaciomarine mud, and regressive sands in their valleys (Fig. 
18). Meander scars visible along the banks of the Saco today 
(Fig. 3) and possibly near the mouth of the Scarborough River 
(Nelson, 1979) probably date from that time. The material 
eroded by the Saco River was deposited in progressively deeper 
wateruntil the time of maximum sea level lowering, 9,000-9,500 
yr B.P. (Fig. 2; Belknap et al. , J 987a). 

It has been suggested that around 9,500 yr B.P., sea level in 
Maine was at a location 65 m deeper than today (Schnitker, 1974; 
Belknap et al. , 1986, l 987a,b; Kelley et al. , 1986, 1987; Shipp et 
al., this volume). Oldale et al. (1983) and Birch (1984b) have 
indicated a maximum lowering of 50 and 35 m respectively, for 
Massachusetts and New Hampshire. This discrepancy between 
southern and northern New England shelf areas may be a result 
of differing regional response to isostatic movements resulting 
from deglaciation. In Saco Bay, 65 m is the greatest depth of a 
clearly marked shoreline. Seaward of this depth a large volume 
of Holocene sediment is inferred from seismic reflection profiles 
(Fig. 15). This was derived from flu vial contributions of the Saco 
River (and possibly from Casco Bay), as well as from local 
erosion. The strong reflectors 10-15 m (or greater) beneath the 
surface of the outer basin are interpreted as a coarse-grained unit 
deposited when those depths were inside the influence of wave 
base. 

Sea level rose rapidly following the maximum lowstand 
(Fig. 2). Nevertheless, constructional and erosional shoreline 
features are interpreted from the 20-65 m depth range (Kelley et 
al., 1986, 1987). They may owe their preservation to the rapid 
rate of transgression which minimized the period of time they 
were within the depth range of wave influence (Belknap and 
Kraft, 198 l ). By 6000 yr B.P., sea level was 20 m beneath its 
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present location and the transgression had transformed the Saco, 
Scarborough, and Spurwink Rivers into relatively broad estuaries 
(Fig. 18). While the spits in the paleogeographic reconstruction 
are hypothetical, the large island at the mouth of the Spurwink 
River and the long peninsula extending from Prouts Neck were 
probably sediment-covered bedrock knobs at that time (Fig. 18). 
Mainland beaches, deriving their sediment from bluff erosion 
instead of barrier spits, were probably the most common littoral 
environment at the time. As sea level rose, the fine-fraction of 
their surficial cover was transported down shelf valleys to the 
outer basin, and only the exposed bedrock with occasional 
boulders and sediment ponds remain as the extensive, shallow 
rocky zone today (Fig. 7). Although eroding bluffs undoubtedly 
fed sediment into the nearshore system at 6000 yr B.P., sand from 
the Saco River was also a major source of beach sand. If summer 
wave conditions were similar to today's (Fig. 3), longshore 
currents would have moved sand to the northeast to form a 
connected system of beaches as far north as Cape Elizabeth. Few 
shoreline features remain from this period owing to the slower 
rate of sea-level rise than occurred previously, and the more 
complete erosion of the antecedent topography (Belknap and 
Kraft, 1981 ). 

Between 6000 and 3000 yr B.P., the shoreline continued to 
move landward. The large shelf valley extending from Pine Point 
was probably the largest estuary in the embayment at the time, 
just as its successor, the Scarborough Marsh, is today. This 
embayment was bordered by a large till deposit between Bluff 
Island and Prouts Neck which probably persisted until sea level 
overtopped the large island at the Spurwink River mouth, and 
waves could directly attack the till. Side-scan sonar and seismic 
reflection profiles show till to exist at the sea floor near Prouts 
Neck today, and channel-shaped reflectors are common in in
ferred Holocene sediments near Bluff Island (Kelley et al. , 1987; 
Figs. 14, 15). Thus, it seems likely that the till was breached near 
Bluff Island some time around 3000 yr B.P. and an inlet and 
barrier spit evolved from the till deposit. Eventually, with con
tinued rise in sea level and depletion of the sediment supply, the 
area was drowned, leaving a chaotic sea floor (Fig. 14) much 
elevated over the shelf valley of the ancestral Saco-Scarborough 
Rivers to the south (Fig. I 5a). 

Around 3000 yr B.P., local sea level stood at -3 m and 
significantly slowed its rate of rise (Oldale, 1985; Belknap et al., 
l 987a). This permitted the barrier spits to grow laterally and 
vertically. Lagoons were created and cut off from the sea by spit 
progradation near Goosefare Brook and at Scarborough Beach 
(Fig. 4). While the source of beach sand near Goosefare Brook 
was certainly the Saco River, Scarborough Beach probably 
received sand from eroded till bluffs near Prouts Neck and 
Higgins Beach (Fig. 3). 

Pine Point may have become a barrier island when the till or 
regressive sand near Prouts Neck was finally breached and an 
inlet opened at the present mouth of the Scarborough River. To 

the south, Biddeford Pool is thought to have formed around the 
same time by the breaching of a till deposit (Hulmes, 1981 ). The 
Scarborough Marsh and the marshes at the mouth of the Spur
wink River probably grew over the mud and sand flats of their 
river valleys once their sediment supply equalled the rate of sea 
level rise, perhaps by 3,000 yr B.P. 

CONCLUSIONS 

Variations in sediment supply and sea level change have 
been the primary factors influencing Saco Bay in the late Quater
nary. The stratigraphic column of the bay reflects deposition of 
coarse and fine grained sediment by ice and marine processes 
respectively during the late Pleistocene marine transgression 
(Kelley et al., 1987). Introduction of sand by the Saco River was 
a major event during the early Holocene marine regression which 
ended about 9,000 years ago. Since then, waning sediment 
introduction from the Saco and increased supply of sand and mud 
by erosion of Pleistocene sediment have permitted the beach and 
marsh systems to persist despite the late Holocene transgression. 

Future research in Saco Bay is needed to resolve numerous 
problems identified during this project and pertinent to the 
growing human population of the bay. What is the major 
source(s) of sand to the beaches today and are the beaches losing 
more sand than they receive? Are the.rippled scour depressions 
on the nearshore ramp and along the shelf valleys indicative of 
sand transport offshore during storms (e.g. Cacchione et al., 
1984)? Shape analysis of sand grains would be useful for 
provenance analysis of the sand populations recognized (Farrell, 
1972) and might be used to trace the path of grains. Cores with 
radiocarbon dates from the backbarrier salt marshes would firmly 
establish the time of formation and rate of growth of the numerous 
spits of the area (Fig. 4). Cores from the shelf valleys and outer 
basin would further permit recognition of the Holocene-Pleis
tocene boundary and identify with greater confidence the origin 
of sub-bottom reflectors and nature of the offshore shoreline 
deposits. While it seems that there is a general transfer of sand 
and mud from nearshore along the shelf valleys to the outer basin 
today (Fig. 3), this hypothesis needs testing by sediment trap 
studies and investigations of the direction of submarine bedform 
migration and current velocities during storm and non-storm 
conditions. 
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ABSTRACT 

The occurrence of tidal inlets along the coast of Maine is tied closely to the structural geology and glacial history 
of this region. Most of the inlets are found along the southern arcuate-embayment shoreline where sand sources, 
consisting of glaciomarine sediments and other glacial deposits, were sufficient to build swash-aligned barriers 
between pronounced bedrock headlands. Along the peninsula coast of Maine, tidal inlets also occur at the mouths 
of the Kennebec and Sheepscot Rivers where large quantities of glaciofluvial sands were deposited during deglacia
tion. The remainder of the southeastward facing coast was stripped of its preglacial sediment cover by the southerly 
moving glaciers. The thin tills that were left behind yield little sand and, thus, barriers and inlets are generally 
absent. 

Small to large-sized inlets (width= 50-200 m) in Maine are anchored next to bedrock outcrops and are bordered 
on their opposite sides by sandy spits. Despite the ubiquitous name "river inlet," they normally have little fresh 
water discharge compared to their salt water tidal prisms. The backbarriers of these inlets are expansive and would 
produce relatively large tidal prisms if high Spartina marshes had not filled most of the region, leaving little open 
water area. While all the inlets have well developed flood-tidal deltas, only the large inlets have well formed ebb-tidal 
deltas. At small and medium-sized inlets (width <100 m), ebb deltas are absent or poorly developed. 

The hydraulics of Maine's inlets are controlled by their size. Small and medium-sized inlets are dominated by 
flood tidal currents due to a longer ebb than flood duration. This duration asymmetry is the result of both frictional 
effects and a truncation of the tidal wave by the shallowness of the entrance channel. These conditions are much 
less apparent at large inlets which have stronger ebb tidal currents. The ebb dominance of these inlets can be 
explained in terms of inlet efficiency and filling characteristics of the backbarrier. The three estuaries discussed in 
this paper have very different freshwater discharges and tidal prisms. The mouths of the Kennebec and Sheepscot 
Rivers are normally tidally dominated (excepting spring freshets), while the Saco River mouth exhibits stratified 
flow and more estuarine conditions. 

Sediment dispersal at Maine's inlets is characterized by discrete, well-defined sand recirculation cells. These 
systems can include just the inlet and adjacent spit platform or it can involve the ebb-tidal delta and a 2-3 km length 
of adjacent beach. At small and medium-sized inlets, sand is also transported into the back barrier by the dominant 
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flood tidal currents. This pattern of sand transport at inlets in Maine differs markedly from inlets along open ocean, 
barrier island coasts (East and Gulf Coasts) where most of the sand eventually bypasses an inlet to the next downdrift 
barrier. 

INTRODUCTION 

Tidal inlets in Maine owe their presence to swash-aligned 
barrier systems formed by Holocene sedimentary processes. 
They are concentrated between bedrock headlands along the 
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arcuate embayment coast from Ogunquit to Cape Elizabeth 
because of abundant sand supply in this part of Maine (Fig. 1). 
North and south of this region there are numerous harbors and 
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bays, but little sand accumulates along the coast. Two major 
exceptions to this pattern are the tidal inlets found along the sandy 
mouths of the Sheepscot and Kennebec River Estuaries east of 
Casco Bay. 

Due to the effects of glaciation and the coastal bedrock 
headlands, Maine 's inlets differ markedly from those that occur 
along straight barrier shorelines such as those found on the coasts 
of Texas, East Friesian Islands, West Germany, and Egypt (Nile 
Delta). Drift-aligned shorelines, including those of the U.S. East 
Coast (south of New England) and Gulf Coast, generally exhibit 
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a dominant longshore transport direction; thus inlets and their 
ebb-tidal deltas along these coasts generally experience channel 
migrations and processes of sediment bypassing. In contrast, the 
inlets along Maine's moderately to highly indented coast are 
bedrock-controlled, have relatively stable inlet throat positions, 
and exhibit discrete well-defined sand recirculation patterns. 

Although the beaches of Maine have been studied in consid
erable detail, including their sedimentology, morphology, and 
shoreline changes (Fink et al., in press; Nelson, 1979; Trudeau, 
1979), botany (Trudeau et al., 1977; Nelson and Fink, 1978), and 

N 

t 
200 400 Meters 

0 500 Meiers ._____, 

N 

I 
Figure I (Continued). Location of field studies. 
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dune and barrier dynamics (Fink et al., 1984 ), the adjacent tidal 
inlets have received far less attention. During the early I 970's, 
Farrell ( 1970, 1972) studied coastal and estuarine processes in 
both the Saco and Scarborough Rivers and documented sedimen
tological and bedform trends on the tidal deltas, hydraulic con
ditions in the rivers, and the geologic history and shoreline 
changes of Saco Bay. Wave dynamics and longshore transport 
trends were investigated later at Wells Inlet in an attempt to solve 
shoaling problems in the harbor and entrance channel (Byrne and 
Zeigler, 1977; Bottin, 1978). In addition, Timson and Kale 
(1976), Nelson (1979), and Fink et al. (in press) determined 
shoreline changes at Wells Inlet prior to and following inlet 
stabilization. Finally, Trudeau ( 1979) and Nelson ( 1979) have 
looked at the effects of the Kennebec River and Morse River Inlet 
on the sedimentation history of the Popham-Seawall Beach 
system. The only other major studies on Maine's inlets prior to 
the l 980's were engineering projects conducted by the U.S. Army 
Corps of Engineers. 

Beginning in 1982, the authors of this paper began a detailed 
investigation of different size inlets in Maine in order to deter
mine the relationships among various inlet parameters and 
processes. This ongoing research has culminated in several 
publications (FitzGerald et al., 1984; Fink et al., 1984; Lincoln 
et al., 1985; FitzGerald and Fink, 1987; Barker, 1988; Lincoln 
and FitzGerald, 1988; Fink et al., in press) and is used as the data 
source for this paper. Our specific objectives are to describe the 
formation and morphology of different size inlets in Maine and 
to discuss the variability of their hydraulics and transport pat
terns. The tidal inlet terminology used in this paper follows that 
of Hayes ( 197 5, 1979). 

PHYSICAL SETTING 

Bedrock Geology 

The bedrock and structural geology of the coastal zone 
together with the extent and type of glacial deposits dictate the 
physiographic character of the shoreline and whether sediment 
was available for the development of coastal barriers and tidal 
inlets. Structurally, the coastal region is a litho-tectonic block, 
part of the Avalon terrain that was sutured to northeast America 
during the Devonian and subsequently intruded by batholiths of 
various compositions and ages (King, 1980; Osberg et al., 1985). 

The complex geologic fabric of coastal Maine has been 
divided into four distinct physiographic compartments by Tim
son (1977). These divisions were later modified by Kelley and 
Timson ( 1983) and Kelley (l 987). The divisions and the 
shoreline characteristics of the compartments are, as follows: 

(l) Northeast compartment (Passamaquoddy to Machias 
Bays): Shoreline composed of high rocky cliffs formed on 
resistant metavolcanic rocks. 

(2) North-central compartment (Machias to Penobscot 
Bays): Deeply embayed shoreline is characterized by resistant 
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headlands and offshore islands formed from abundant granitic 
plutons.) 

(3) South-central compartment (Penobscot to Casco Bays): 
Fluvial erosion accentuated by glacial scour has produced a 
peninsula coast with numerous embayments and deep estuaries 
formed from a high-grade metasedimentary fold belt that strikes 
in a northeast-southwest direction. 

(4) Southwestern compartment (Cape Elizabeth to Piscata
qua River): This section of coast has developed parallel to the 
regional structural trend and consists of bedrock headlands and 
intervening arcuate embayments formed from metasedimentary
metavolcanic units intruded by plutons. 

Surficial Sediments 

Repeated episodes of glacial excavation during the Pleis
tocene stripped the sediment cover from the coast of Maine 
leaving in its place a relatively thin till deposit (Thompson and 
Borns, 1985) which is somewhat thicker in bedrock valleys 
(Kelley et al., 1986). The till is commonly overlain by 
glaciomarine sediments (Presumpscot Formation), ranging in 
thickness up to50 m and varying in composition from a pervasive 
fine-grained silty clay to coarser-grained silty sands that are 
commonly found toward the bottom or top of a sequence (Bloom, 
1960; Thompson, 1987). The coarser units are thought to reflect 
higher energy conditions associated with currents flowing 
beneath the margin of the ice, as well as wave and fluvial 
reworking that was coincident with the regression of the sea, 
respectively (Thompson, 1987). 

Southwestern Maine is particularly rich in sand due to the 
number of glaciomarine deltas that occur in this region and the 
high sand content of the Presumpscot Formation that borders 
most of the southern shoreline. This abundance of sandy deposits 
has assured a steady supply of sediments for the barriers of the 
arcuate embayment coast during Holocene sea level rise. Seis
mic studies in Saco Bay and elsewhere in the Gulf of Maine 
indicate that the glacial stratigraphy described above extends 
some distance offshore (Kelley et al., 1986; Belknap, 1987; 
Belknap et al., l 987b ). Northeast of this zone the surficial cover 
in the coastal region is relatively thin, consisting of tills with 
frequent exposures of bedrock (Thompson and Borns, 1985), 
thereby reducing the availability of sand for resupply during the 
Holocene transgressive phase. 

Hydrographic Regime 

The highly variable orientation of Maine's shoreline and 
abundant offshore islands causes different exposures to the inci
dent wave energy (Fink, 1978; Fink et al., 1984). Shoreline 
orientations coupled with a tidal range that doubles from its 
southern border to the Bay of Fundy produces a coastline with a 
wide range of wave and tidal energies. 
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Winds. Long-term wind data for Maine are available from 
Portland and Rockland airports, Brunswick Naval Air Station, 
Seguin Island Lighthouse, and Maine Yankee Atomic Power 
Company in Wiscasset (Nelson and Fink, 1978). A synoptic 
summary of meteorological observations is available for New 
England waters from NOAA (U.S. Naval Weather Service, 
1976). An annual wind summary rose and a monthly compilation 
of recorded wind directions, velocities, and durations for a typical 
year from Seguin Island are shown in Figures 2 and 3, respec
tively (Fink et a l. , in press). The wind roses, sequential aerial 
photograph s, and d irect observ at ions fro m a recording 
anemometer located at Popham Beach permit a determination of 
the dominant and prevailing winds as well as their seasonal 
patterns. 

The prevailing winds blo w from the western half of the 
compass with the months of May through September showing 
the greatest periods of calm while the winter months reflect 
strong wind activity from both extratropical storms and the 
passage of high pressure systems through the area. October and 
April are transitional months with strong east to northeast w inds 
superimposed on either the increasing or decreasing intensity of 
the prevailing weste rly pattern. 

The strongest winds are from the northeast and are as
sociated with extratropical storms that track east of the Gulf of 
Maine. Strong winds also blow from the northwest and south
westerly directions (Figs. 2 and 3). Because these winds are 
prevailing winds and at times are quite strong, they exert the 
greatest control on deviations from the astronomically induced 
tidal ranges. In tum, this influences tidal prism and tidal current 
conditions at inlets. The winds accompanying northeast storms 
not only affect tidal processes at inle ts, but also significantly 
increase the transport of sand along the beaches to inlets. 

Waves. Wave roses have been compiled by the U.S. Army 
Corps of Engineers for Penobscot Bay for deep-water conditions 
(Fig. 4; U.S. Army Corps of Engrs., 1957) and for 16 stations 
along the Maine coast for shallow water conditions (Jensen, 
1983). These analyses were based on hindcast studies using three 
years and 20 years of wind data, respectively. The deep-water 
wave rose shows that waves over 1. 5 m come predominant! y from 
the east and northeast and that waves over 4 m come only from 
these directions, reflecting the influence o f northeast storm winds 
over a long fe tch. The average deep-water wave height at the 
Penobscot Bay site is 90 cm. 

Farrell e t al. ( 197 1) summarized data for northeast storms 
and demonstrated that the average storm wave approach is 79°, 
having breaker heights between 0.9 and 1.4 m and periods o f 6 
to 8 seconds. They also showed that low pressure systems that 
track inland produce significant storm waves from the southeast 
with an average approach direction of 157.5°. Southeasters 
generally have lower wind velocities than northeast storms, have 
a shorter duration, and produce smaller storm surges, smaller 
wave heights, and shorter wave periods. Fink ( 1978) has plotted 
the distribution of wave approach directions for all the beaches 
along the coast of Maine in relation to northeast and southeast 
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Figure 2. 1974 annual wind rose and resultant wind vector diagram for 
Seguin Island, Maine based on hourly readings (from Fink et al., in 
press). 

storms (Fig. 5). As seen in Figure 5, the orientation o f most 
barrier and t idal inlet systems is such that they are susceptible to 
lower energy, less frequent southeast storms. Beach orientation 
in re lation to northeast storms is, therefore, a significant factor 
in minimizing beach erosion, sand transport into inlets, destruc
tion of ebb-tidal shoals, and other impacts of potentially high 
energy storms. 

Seasonal information on the nearshore wave climate for the 
Maine coast (Jensen, 1983) in comparison to other U.S. coastal 
areas (Richardson, 1977) is shown in Figure 6, which is a 
summary of mean monthly nearshore wave heights. Jensen 's 
( 1983) analys is of wave energy for coastal Maine indicates that 
forthe south-central and southwestern areas the average monthly 
wave height is greatest during the winter months (50 cm) and 
lowest during the summer period (34 cm). This region has 
slightly lower wave energy than the northern Atlantic coast and 
slightly greater energy than the Gulf of Mexico. 

Tides. Tides in the Gulf of Maine are primarily driven by 
semidiurnal deep-water tides in the North Atlantic. At the edge 
of the continental shelf, the tide is 0.84 m (Fig. 7) and occurs 
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Figure 3. 1973 monthly summary wind roses and resultant wind directions for Seguin Island, Maine (from Fink et al., in press). 

approximately 12 hrs after the moon's transit at Greenwich, 
England (Redfield, 1980). Tidal amplification, due to close 
correspondence between the lunar Mz component and the natural 
resonant frequency of the Gulf of Maine (Garrett, 1972; Green-
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berg, 1979), increases the mean tidal range to 2.7 m along Maine's 
southern coast. During spring tide conditions, the range in
creases to 3.5 m. In the coastal classification scheme of Hayes 
( 1979) and Nummedal and Fischer ( 1978), a tidal range of this 
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Figure 4. Wave diagram of deep-water wave heights hindcasted from 
three years of wind observations ( 1947-1950) (U.S. Army Corps of 
Engr., 1957). Dominant wave approach is from the east-northeast and 
is associated with northeast storms. 
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Figure 5. Distribution of wave approach directions for beaches in Maine 
with respect to northeast and southeast storms. The lines represent the 
wave approaches perpendicular to each barrier (from Fink. 1978). 
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Figure 6. Monthly mean nearshore wave heights for various locations 
thoughout the United States (Richardson, 1977) including the south
central and southwestern coast of Maine (Jensen, 1983). 

Figure 7. Corange-cotide lines for the Gulf of Maine amphidromic 
system. Lines of equal range are dashed and the lines of synchronous 
high tide (hours lag behind continental shelf tide) are solid (from 
Redfield, 1980). Hachures represent bathymetric highs. 
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magnitude and an average deep-water wave height of 90 cm 
places southern Maine inlets in a tide dominated-mixed energy 
regime (Fig. 8). 

OCCURRENCE AND FORMATION OF 
TIDAL INLETS 

Occurrence and Size Classes 
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The complex structural grain and highly variable regional 
sand supply along the coast of Maine have produced an uneven 
distribution of inlets along its shoreline; most of the 19 major 
inlets are found south of Cape Elizabeth. A classification of 
Maine's tidal inlets according to size is presented in Table 1. 
Channel width at the throat section is used as an approximation 
of inlet size, and generally as inlet width increases, so does 
channel depth. Three estuaries, the Saco, Kennebec and 
Sheepscot River mouths, are included in this list because they are 
morphodynamically associated with extensive beach systems 
and exhibit many of the morphologic characteristics and proces
ses of tidal inlets. It can be seen (Table 1) that commensurate 
with the length of sandy barrier shoreline found there, most inlets 
are located in the southwestern (12) and south-central compart
ments (5), while the more concentrated, pocket barrier style of 
sand and gravel beaches in the sand-starved north-central and 
northeast compartments restrict the setting for inlet formation. 
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I. Estuaries 
A. Saco River 
B. Kennebec River* 
C. Sheepscot River 

IL Large Inlets (width = 100-200 m) 
A. Scarborough River Inlet* 
B. Kennebunk River Inlet 
C. Welts Inlet* 

III. Medium Inlets (width= 50-100 m) 
A. Ogunquit River Inlet* 
B. Biddeford Poot Inlet 
C. Spurwink River Inlet 
D. Mousam River Inlet 

IV. Small Inlets (width below 50 m) 
A. Little River Inlet* 
B. Batson River Inlet* 
C. Little River Inlet* 
D. Goosefare River Inlet 
E. Sprague River Inlet* 
F. Morse River Inlet* 
G. Little River Inlet 
H. Sandy River Inlet 
I. W. Quoddy Head Inlet 

0 40 80 120 160 200 240 

MEAN WAVE HEIGHT ( cm) 

Figure 8. Shoreline classification based on tidal range and average 
deep-water wave height (Hayes, 1979; Nummedal and Fischer, 1978). 
Using this scheme, tidal inlets in the south-central and southwestern 
compartments of Maine plot in the mixed energy, tide-dominated set
ting. 

TABLE I. TIDAL INLET CLASSIFICATION 

Associated Barriers/Beaches 

Hills Beach/Old Orchard Beach 
Popham Beach 
Reid Beaches 

Surfside, and Western Beaches 
Kennebunk, and Goochs Beaches 
Wells, and Drakes Is. Beaches 

Ogunquit-Moody Beach 
Hills Beach 
Higgins Beach 
Parsons Beach 

Crescent Surf/Laudholm Beach 
Goose Rocks Beach 
Goose Rocks Beach 
Ferry Beach/Old Orchard Beach 
Seawall Beach 
Seawall, and Popham Beaches 
Reid Beaches 
Sandy River Beach 
South Lubec Beach 

Location 

Saco 
Phippsburg 
Georgetown 

Scarborough 
Kennebunkport 
Wells 

Ogunquit 
Biddeford 
Scarborough 
Kennebunk 

Wells 
Kennebunkport 
Kennebunkport 
Saco 
Phippsburg 
Phippsburg 
Georgetown 
Jonesport 
South Lubec 

Coastal Compartment 

Southwest 
South-central 
South-central 

Southwest 
Southwest 
Southwest 

Southwest 
Southwest 
Southwest 
Southwest 

Southwest 
Southwest 
Southwest 
Southwest 
South-central 
South-central 
South-central 
North-central 
Northeast 

*Inlets where field investigations have been performed. 
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The abundance of tidal inlets in the south-central and south
western compartments is the result of an original sand source and 
a sufficiently steady resupply of sand, as well as an embayed 
coastal configuration and adjacent low-lying upland topography 
-- all factors that favor the formation and maintenance of exten
sive barrier systems. The abundance of sand-sized material is 
the result of glacially derived and riverine sediments that were 
reworked by waves and tidal currents along the transgressive 
Holocene sea level front. In contrast, coastal accumulations 
farther downeast developed from glacial deposits, mostly tills, 
that were poor in sand-sized material. The paucity of sand and 
proximity of high topographic relief limited the formation of 
sandy barriers essential to the development of tidal inlets. In
stead, the coastal accumulations have taken on the form of 
fringing strandplains, tom bolos, or pocket barriers with sediment 
sizes that are characterized by the coarser end members from 
pebbles to boulders. 

The exact contribution of major rivers such as the Saco, 
Kennebec, and Sheepscot as original and continuous suppliers 
of sand to beaches is problematical. Today, only the Kennebec 
River may still be supplying sand to its associated barriers 
(Nelson and Fink, l 978; Nelson, 1979; FitzGerald and Fink, 
1987), while no appreciable amounts of sand are introduced by 
the Saco (Farrell, 1970, 1972; Moreau et al., 1979) or Sheepscot 
Rivers. The beaches associated with these systems are likely the 
products of sand brought down the rivers during deglaciation. 
Belknap et al. (this volume) have identified a large paleodelta off 
the Kennebec River extending deeper than 65 m. During the 
Holocene transgression, it is likely that the top of this delta was 
reworked and a portion of this sand transported onshore where it 
became anchored to bedrock islands and headlands. Additional 
sand was probably added to the barrier systems directly from 
river-borne sediment load until modem dams reduced the supply. 
In the case of the Sheepscot River, its total sand resources and 
drainage area are far smaller than either the Kennebec or Saco, 
and it is likely that most of the sand comprising the Reid barriers 
came from the reworking of the Kennebec paleodelta. 

Although most of the tidal inlets in Maine are referred to as 
"river inlets," the majority have very little freshwater discharge, 
especially when compared to their saltwater flow. For example, 
Scarborough River Inlet's freshwater discharge (3. l m3 /s; Far
rell, l 970) is four orders of magnitude less than its average 
saltwater flow ( 1.3 x 104 m3 /s; Barker, 1988). Fie Id investiga
tions have been conducted at 9 of the 19 tidal inlets in Maine (Fig. 
I) and include at least one inlet in each of the four categories 
listed in Table 1. The morphologic and hydraulic characteristics 
of the inlets where studies were made are given in Table 2. 
Freshwater discharges listed in Table 2 were determined from 
rainfall and drainage basin data. 

Formation 

Barrier Construction. Radiocarbon dating of drowned tree 
stumps and backbarrier basal peats associated with existing 

barriers suggests that Maine barriers were formed between 6000 
and 3000 years ago (Belknap et al., l 987a; Belknap et al., 1989; 
Bloom, 1960; Bradley, 1957; Hulmes, 1980; Hussey, 1959, 1970; 
Mcintire and Morgan, 1963; Nelson and Fink, 1978). Although 
this time period is similar to that which has been determined for 
the East and Gulf Coasts (Ibrahim, 1986; Moslow and 
Colquhoun, 1981; Steele, 1980; Bernard et al., 1962), the Nether
land mainland barriers (Van Straaten, 1965), the East Friesian 
Islands (Sindowski, 1973) and elsewhere, differences in the time 
frame of barrier development along the Maine coast can be 
expected due to its glacial history. The exact time at which the 
barriers and tidal inlets were sufficiently developed in Maine to 
prompt continuous backbarrier marsh accumulation depended 
upon the rate of sea-level rise and sand supply. For these reasons, 
it is likely that coastal barrier and tidal inlet systems in Maine 
had various times of origin and rates of development. 

During the Holocene trangression, which began along the 
Maine coast approximately 8,000 to 10,000 yr B.P. (Belknap et 
al., l 987a), it is also possible that some barriers migrated to their 
present positions from locations offshore (Kelley et al., this 
volume). The tidal inlets along these transgressive barrier 
shorelines would have opened and closed and provided important 
transport pathways for the landward movement of sands. 

At some point during the history of barrier construction in 
Maine, regressive barriers replaced some of the transgressive 
forms as the rate of sea-level rise slowed and the supply of 
sediment, primarily from offshore, increased. Hine et al. ( 1979) 
refer to this period as the "Late Holocene high sedimentation 
interval" and have explained the progradation of the North 
Carolina barriers as a consequence of this event. Along the coast 
of Maine, it is apparent that while some of these regressive 
barriers have persisted to the present, most barriers have become 
or remained transgressive through their long-term history (Nel
son and Fink, 1978). 

Tidal Inlet Evolution. The processes and controls involved 
in the evolution of barriers and tidal inlets in Maine are illustrated 
in a flow chart in Figure 9. In this scheme sediment supply, 
sea-level rise, and regional slope determine the time and location 

Sediment supply 

Sea·level rise 

Regional slope 

Landward 
migration 
rate of barrier 

Bedrock 
topography 

Exposure to 
wave energy 

Longshore 
sand transport 
trends 

Size of 
backbarrier 

Sedimentation 
history of 
backbarrier 

Position 
and stability 
of tidal in lets 

Lsizeof r tidal inlets 

Figure 9. Flow chart of the evolutionary processes and controls in tidal 
inlet development for the Maine coast. 
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TABLE 2. MORPHOLOGIC AND HYDROLOGIC DATA 

Average Tidal Currents Morphology 
Fresh Mean (cm/s) Throat Sec. Sand Bodies 

Size Physiographic Water Back barrier Tidal Max Max (m) 
Inlet Class Setting Discharge Setting Range Flood Ebb Width Depth Ebb Deltas Flood Deltas 

(m3/s) (m) 

Kennebec River Glac ially scoured 284.0 River (open water) 2.6 125 150 310 34.0 Subtidal, None 
Estuary bedrock valley well developed 

Scarborough River II Estuary, inlet stabilized 3.1 Marsh & tidal creeks, 2.7 144 165 150 5.0 Subtidal/ Well developed 
Inlet by bedrock (one jetty) open water & tidal intertidal intertidal 

flats at inlet mouth well developed 

Wells Inlet II Spit progradation I.I Marsh & tidal creeks, 2.6 70 110 130 5.8 Poorly Well developed 
(two jetties) open water & tidal developed intertidal 

flats at mouth subtidal 

Ogunquit River Inlet Ill Spit progradation I.I Marsh & tidal creeks, 2.7 109 98 70 2.4 Poorly Multiple 
across embayment, open water & tidal developed deltas, well 
bedrock anchored flats at mouth subtidal developed 

Little River Inlet IV Spit progradation 1.0 Marsh & tidal creeks, 2.6 84 76 42 1.7 Poorly Single delta, 
(Kennebunkport) across embayment small amount of open developed well developed 

water & tidal flats at subtidal 
mouth 

Batson River Inlet IV Beach ridge developed 0.5 Marsh & tidal creeks, 2.6 83 84 46 1.2 Absent Multiple deltas, 
within embayment, small amount of open well developed 
bedrock anchored water & tidal flat s at 

mouth 

Little River Inlet IV Beach ridge developed 0.3 Marsh & tidal creeks, 2.6 80 62 32 1.4 Poorly Multiple deltas. 
(Goose Rocks) within embayment, small amount of open developed well developed 

bedrock anchored water & tidal flats at 
mouth 

Sprague River Inlet IV Spit progradation/ 0. 1 Marsh & tidal creeks, 2.6 92 75 26 1.2 Absent Multiple deltas, 
beach ridge developed, small amount of open well developed 
bedrock anchored water & tidal flat s at 

mouth 

Morse River Inlet IV Spit progradation/ 0.2 Marsh & tidal creeks, 2.6 121 59 42 3.0 Absent Single delta, 
beach ridge developed, drainstidal ponds, moderately 
bedrock anchored small amount of open developed 

water & tidal flats 
near mouth 

where barriers wil I form and the rate of their landward migration. 
In turn, the rate of barrier migration along with the bedrock 
topography of the region dictates the size of the backbarrier 
environment. The sedimentation history within the bay together 
with the area of the backbarrier control the tidal prism and the 
resulting size of the tidal inlets. The position of the inlet along 
the barrier is a function of bedrock topography, exposure to wave 
energy, and longshore sand transport trends. 

In the scheme described above there are several evolutionary 
paths, two of which are depicted in Figures lO and 11. In the first 
case, the barrier is exposed to the dominant east-northeast wave 
energy, and the ensuing longs ho re transport of sediment produces 

spit accretion across an embayment. This process continues 
until the size of the inlet equilibrates with the bay tidal prism. 
Normally, the inlet stabilizes against a bedrock headland at the 
downdrift end of the embayment. This morphology is evident at 
the Ogunquit River Inlet (Fig. l la) where Moody and Ogunquit 
Beaches extend southward from Moody Point across a marsh
filled embayment, and the inlet channel is anchored next to 
bedrock. The north-south trend of the barrier results in sand 
transport toward the inlet during northeast storms. 
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In the second case, the embayment is protected from the 
dominant wave approach and thus, longshore transport is mini
mal (Fig. 10). Barrier construction under these conditions takes 
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Figure 10. Conceptual diagram illustrating two mechanisms of inlet development along the Maine coast. 

place through the onshore movement of sand which causes beach 
ridge formation and a progradation of the shoreline. Goose 
Rocks embayment exemplifies this situation well (Fig. 11 b). 
This section of coast is sheltered from northeast storms by Timber 
Point and Timber Island (Fig. 1) and consequently, is most 
affected by south and southwest, low energy, constructional 
waves. Short period storm waves and wave refraction within the 
embayment may create local longshore transport resulting in 

elongation of the beach-ridge barrier. These conditions likely are 
responsible for the location of the inlets at each headland (Fig. 
11 b). 

It should be emphasized that the two conditions discussed 
above are end members of the inlet evolutionary scheme depicted 
in Figure I 0, and that the genesis of other barriers and inlets along 
the coast of Maine may incorporate processes of both the exposed 
and sheltered shoreline models. It should also be pointed out that 

77 



D. M. FitzGerald and others 

Figure 11. (a) 1974 oblique aerial photograph of Ogunquit River Inlet 
and Ogunquit Beach looking north (taken by Fink). (b) 1977 vertical 
aerial photograph of Goose Rocks Beach, Little River Inlet (top) and 
Batson River Inlets (bottom). 

modification of the initial barrier form through its landward 
migration or sand redistribution may mask how the barriers and 
inlets originally developed. 

The formation of the Sprague River lnlet-Seawall Beach 
complex along Maine's peninsula coast (Fig. I) may be an 
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example of an intermediate condition in the scheme shown in 
Figure I 0. The drainage of the Sprague River Inlet is deflected 
to the west, which suggests that the barrier developed by spit 
progradation toward Cape Small. Presumably, this resulted from 
westerly Iongshore sand transport induced by northeast storms. 
Nelson ( J 979) also cites the presence of flood-tidal delta 
deposits, thin marsh peats, and curved beach ridges as evidence 
for a tidal inlet having been located in the middle of the barrier. 
If this is true, Sprague River Inlet may have migrated westward 
to its present position. In contrast to this evidence, ridge and 
swale morphology along the adjacent state park beach suggests 
that the barrier development in this region occurred through 
beach ridge accretion. This mode of formation is supported by 
present sand transport patterns and erosional-depositional trends. 
Thus, it appears that Seawall Beach may have developed from 
both the seaward progration of beach ridges and spit extension 
to the west. Through this process the Sprague River Inlet became 
anchored next to a bedrock headland. 

INLET MORPHOLOGY 

According to models of mixed-energy, tide-dominated 
coasts (Hayes, 1979; Nummedal and Fisher, 1978), Maine's tidal 
inlets should have well developed ebb- and flood-tidal deltas and 
be backed by marsh and tidal creeks with little open water area. 
However, the morphology of inlets along this coast exhibits a 
great deal of variability and generally does not contain all the 
features of mixed-energy inlets. These differences can be corre
lated with inlet size and can be explained in terms of tidal prism 
(Davis and Hayes, 1984), developmental history of the inlet, 
man-made influences, and sediment supply. 

Small Inlets 

Small inlets in Maine (width <50 m; Table I ) are charac
terized by shallow channels, single or multiple flood-tidal deltas 
(Fig. 12), and poorly formed or nonexistent ebb-tidal deltas. 
Most of these inlets are anchored next to bedrock headlands and 
bordered on the opposite side by a broad intertidal swash platform 
that merges with the low tide terrace of the adjacent beach. 
Seaward of the inlet throat, the main channel commonly migrates 
across the swash platform in response to changing wave climate. 

Although the backbarrier of these inlets is relatively large, 
most of this region is fi lled with supratidal Spartina pat ens marsh. 
Hypsometric measurements of five small inlets in Maine by 
Lincoln and FitzGerald ( 1988) indicate that the backbarrier of 
these systems is comprised of8 l % supratidal , 10% intertidal.and 
only 9% open water area. The extensive distribution of supratidal 
marsh has two important effects. First, because the marsh is at 
mean high water to a supratidal elevation, there is little change 
in bay area over the tidal cycle. As discussed in detail in a later 
section dealing with inlet hydraulics, this condition contributes 
to a flood dominance of these inlets, causing a net transport of 
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sand into their backbarriers. Secondly, the seemingly large 
backbarrier areas of these inlets actually produce small tidal 
prisms which result in small equilibrium inlet throat cross sec
tions. 

Medium-Sized Inlets 

Medium-sized inlets (width= 50-100 m; Table I) are similar 
in morphology to the small-sized inlets, but generally have 
deeper channels, larger and often multiple flood-tidal deltas, and 
more open water area and intertidal sand flats. The larger tidal 
prisms of medium-sized inlets produce better developed ebb
tidal deltas than those of the small-sized inlets. These deltas are 
mostly subtidal and their presence is evidenced by various ebb 
delta components including channel margin linear bars at 
Mousam and Spurwink Inlets and a terminal lobe off Biddeford 
Pool Inlet. The swash platform of these inlets, like Ogunquit 
inlet, is commonly cut by one or more shallow (depth <30 cm) 
flood channels. 

The backbarrier of the Biddeford Pool Inlet is different from 
other inlets of this size class in that it comprises chiefly a 

Figure 12. (a) Aerial photograpgh of Batson River Inlets flood-tidal 
deltas (taken by Fink). (b) Ground photograph of Little River Inlet 
(Goose Rocks Beach) flood- tidal delta. 

Figure 13. 1976 aerial photograph of Biddeford Pool Inlet and the 
backbarrier tidal flat region it drains. Note the peripheral marshes and 
small area of open water at low tide (taken by Fink). 

sandy-mud tidal flat that is incised by a dendritic tidal creek 
system (Fig. 13). This large intertidal bay (2 km2

) formed behind 
two transgressive barriers that connected a large bedrock island 
to the mainland (Hulmes, 1980). Hulmes has demonstrated that 
the Pool was never an open water environment and is underlain 
by the Presumpscot Formation at a depth of 5 to 6 m. This unit 
is overlain by muds and sands that were transported through the 
inlet during flooding tides and through washover processes. 
Some sand material was also washed into the bay from the 
adjacent highlands (Hulmes, 1980). Spartina marsh has 
colonized the periphery of the bay and what has been interpreted 
by Hulmes ( 1980) to be a relict flood-tidal delta. The lack of an 
extensive marsh system behind the Biddeford Pool Inlet is 
probably due to slow sedimentation rates in the bay. 

Large Inlets 

Due to the harbors that Maine's large-sized tidal inlets (width 
= 100-200 m) provide, these inlets have undergone the greatest 
modification by man. The mouths to these inlets have been 
stabilized with jetties (Scarborough has a single jetty), and their 
main channels have had long histories of dredging. The bays 
inside the inlets have been cordoned off with numerous seawalls, 
bulkheads, and other revetments which have served to decrease 
the amount ofbackbarrier intertidal environment (Barker, 1988). 
Maintenance dredging and a substantial loss of intertidal area 
through man's encroachment have caused a disappearance of the 
flood-tidal delta at the Kennebunk River Inlet. Larger bay areas 
and perhaps a greater sand supply have maintained the presence 
of flood-tidal deltas at both Scarborough and Wells Inlets (Fig. 
14). 
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Figure 14. (a) 1970 vertical aerial photograph of Scarborough River 
inlet. (b) 1987 oblique aerial photograph of the Wells Inlet flood-tidal 
delta. 

Although ebb-tidal deltas were present at both Wells and 
Kennebunk Inlets prior to jetty construction, the delta at Scar
borough River Inlet (Fig. 14a) was considerably larger and far 
better developed. This condition continues to the present time 
and likely is due to the combination of the shallow region offshore 
of Pine Point and Western Beach, the low wave energy afforded 
by Prouts Neck, and an abundance of sand along this section of 
coast (Figs. 1 and l 4a). All the components of Hayes' ( 1975) ebb 
delta model are clearly evident at Scarborough Inlet including a 
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Figure 15. Bathymetric maps of Kennebunk River and Wells Inlets 
illustrating the lack of any significant ebb delta seaward of their jettied 
entrances (redrawn from National Ocean Survey chart# 13286). 

main ebb channel, terminal lobe, channel margin linear bars, 
marginal flood channels and swash bars. In contrast, the jettied 
entrances of the Kennebunk River and Wells Inlets exhibit little 
bathymetric evidence today of an ebb delta (Fig. 15). The length 
of their jetties (approx. 400 and 150 m, respectively) coupled 
with a smaller sand supply as compared to Scarborough Inlet has 
resulted in little sediment transport seaward of the jetties and/or 
most of the sand that is transported seaward being moved back 
onshore by wave action. The ebb deltas that are apparent in old 
aerial photographs of these regions prior to jetty construction 
were likely reworked by wave action and transported onshore. 
At both sites the adjacent beaches experienced accretion follow
ing completion of the jetty projects. It is possible that some of 
this accretion is attributable to erosion of the ebb deltas. 
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TABLE 3. ESTUARINE DISCHARGE 

River 
Freshwater Discharge Rate 

(m3/s) 
Freshwater Discharge Over 

1/2 Tidal Cycle 
Saltwater Tidal Prism 

(m' ) 
Freshwater vs. Salt water Discharge 

(Ratio) 

I. Saco" 
2. Kennebec 
3. Sheepscot 

Note: a. Discharge and tidal prism data from Farrell (1970). 

1.8 x 106 

6.2 x 106 

1.0 x 106 

b. Discharge detennined from precipitation and drainage area data. 
c. Tidal prisms determined using the cubature method (Jarrett, 1976). 

Estuaries 

The Saco, Kennebec, and Sheepscot Estuaries (Table 1) are 
quite different from one another with respect to their morphology 
and sand transport patterns due to differences in sediment sup
plies, estuarine conditions (Table 3), and modifications by man. 
The morphology of the Saco Estuary has been drastically 
changed by jetties that were constructed in stages from 1868 to 
1913 (Farrell, 1972; Nelson, 1979). Prior to this time, U.S. Coast 
and Geodetic Survey coastal charts ( 1866, #882; 1877, #6) 
indicate the presence of a large ebb-tidal delta which extended 
approximately 1.3 km from the mouth of the river seaward to the 
terminal lobe region where depths were Jess than 1.5 rn at mean 
low water. After the jetties were in place, ebb discharge from the 
estuary no longer interacted with the littoral transport system and 
consequently, wave-generated sediment transport resulted in the 
onshore movement of the ebb delta sands. This caused temporary 
accre tion along Camp Ellis Beach (Farrell , 1972). During the 
past century, sediment supply to the Saco estuary has been 
essentially cut off by several darns built upstream for the purpose 
of flood control and hydro-power. These darns, together with the 
jetty system, have reduced the Saco River's flood-tidal delta to 
a sub-tidal shoal (Farre ll , 1972). 

The significantly greater tidal prisms of the Kennebec and 
Sheepscot Estuaries as compared to the Saco Estuary (Table 3) 
are indicated by their larger size and the more important role that 
tides play in sedimentation processes. While both estuaries 
contain peripheral tidal flats and shallow upstream bays, channel 
depths inside the estuaries (depths >20 rn) coupled with strong 
tidal currents preclude the formation of flood-tidal deltas. How
ever, in Merrymeeting Bay at the confluence of the Androscoggin 
and Kennebec Rivers 26 km upstream of the ri ver mouth, there 
are extensive sand bodies, some of which exhibit a flood-tidal 
delta morphology. Presumably, this shallow bay is a sediment 
sink that occasionally contributes sand to the downstream system 
during major flood events, like the I 00+ -year flood of April 1987 
(Fontaine, 1987). 

Beaches at the mouths of both estuaries are asymmetrically 
distributed along their southwestern shorelines, while the op
posite shoreline consists of exposed bedrock (Fig. 16). The 
preferential deposition of sediment along the western shore is 

8. 1 x 106 

101.0 x 106 
c 

76.0 x 106 c 

23% 
6% 
1% 

undoubtedly the result of the dominant wave energy and the 
structural trend of this section of the Maine coast. During the 
Holocene transgression, it is probable that as the sands from the 
Kennebec glaciornarine delta (Belknap e t a l., l 987b) were 
reworked and transported onshore, they were also moved in a net 
westerly direction due to the dominant east-northeast storm 
waves (Figs. 4 and 5). Gradually this sediment accumulated 
against the northeast-southwest trending Phippsburg and Geor
getown peninsulas. A sizable ebb-tidal delta , identified on coas
tal charts as the Pond Island Shoal , exists off the mouth of the 
Kennebec Estuary. This tidal delta, like the onshore beaches, is 
asymmetrically disposed about the mouth of the estuary and is 
entirely located on the western side of the main ebb channel. The 
lack of a corresponding ebb delta off the Sheepscot River is 
probably due to Jess sand in this system and the deeper channel 
system (Fig. 16). Depths in the main channel at the mouth of 
Sheepscot exceed 50 rn as compared to the Kennebec where 
maximum depths are less than 15 m. 

HISTORICAL SHORELINE CHANGES 

Inlet Closure and Spit Breaching 

During historical times, the inlets of Maine have undergone 
little net migration or change in position due to spit breaching 
(Nelson, 1979; Fink et al., 1984). The stability of the inlets is 
related to their location next to bedrock headlands and the fact 
that most of the inlets occur along swash-aligned beaches where 
there is little ne t longshore sediment transport to drive the inle t 
migration process. Furthermore, because the backbarriers of the 
inlets consist a lmost entirely of high-tide marsh, the breaching 
of a barrier is not a process that can occur easily. However, 
sedimentation and marsh development in the backbarrier area 
have led to the closure of at least one inlet in Maine and possibly 
others. In 1875 the Boston & Maine Railroad constructed an 
embankment across the backbarrier of Little River Inlet (Farrell, 
1972). This decreased the drainage area of the marsh system, 
producing a smaller tidal prism which no longer was sufficient 
to keep Little River Inlet open. The relict inlet a long Seawall 
Beach identified by Nelson ( 1979) and Fink et a l. (in press) may 
be another example. 
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Figure 16. Map of the Kennebec and Sheepscot Estuaries (redrawn from National Ocean Survey chart #13293). Note the asymmetric 
distribut ion of beaches and ebb delta (at the Kennebec mouth) along the west sides of the estuaries. This development is likely a 
consequence of the dominant east-northeast wave energy of this coast. 

To the authors' knowledge, during the recorded history of 
the Maine coast, the Ogunquit River Inlet is the only inlet that 
has changed positions (Fink et al. , 1984; Fig. 17). A map dated 
about 1760 shows that the Ogunquit Inlet was once located about 
1 km north of its postion today. The presence of a flood-tidal 
delta, which is now covered by a thin salt marsh deposit, at the 
same approximate site is geomorphic evidence that corroborates 
the inlet's 1760 location (Fink et al., 1984). The next historical 
map of this region, dated 1879, indicates that by this time the old 
inlet had closed and a new inlet had formed in its present position 
at the southern end of the beach (Nelson, 1979). Without further 
historical documentation or stratigraphic data, it can not be 
ascertained whether the relocation of the Ogunquit River Inlet 
was accomplished through inlet migration or spit breaching. 

Inlet Associated Erosional-Depositional Processes 

Although the throat positions of most inlets in Maine have 
remained essentially unchanged for at least the past JOO years, 
inlet processes have accounted for the greatest amount of 
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shoreline change along the adjacent coast (Nelson, 1979; Fink et 
al., 1984). This is a characteristic that Maine inlets share wi th 
other mixed-energy inlets (FitzGerald et al., 1978). These 
erosional-depositional processes include the meandering of the 
main ebb channel, spit extension and retreat, storm overwash, 
and the transferral of sand between the ebb-tidal delta and 
landward beaches. 

Main Ebb Channel Migrations. Migrations of the main ebb 
channel are best illustrated at the Morse River Inlet where 
repeated easterly excursions of the inlet channel have caused 
erosion of the adjacent Popham State Park beach (Fig. 18). This 
process has bee n described and illustrated with aerial 
photographs by Nelson ( 1979). The easterly migration of the 
channel is a result of the inlet throat being constricted by bedrock 
outcrops on both sides of the channel such that the ebb discharge 
is directed in an easterly course. As the channel migrates 
eastward, it lengthens, causing a decrease in the hydraulic slope 
and an increasingly inefficient exchange of water between the 
ocean and backbarrier. This situation is corrected when a new, 
shorter channel is cut through the westerly spit platform. The 
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Figure 17. Early Colonial map showing foimer position of Ogunquit 
River Inlet ( from Fink et al., 1984). 

Figure 18. 1985 oblique aerial photograph of the Morse River Inlet 
depicting the migrational trend of its inlet channel. 

breaching process. which nonnally occurs during major stonns 
or high spring tides, has been documented with sequential maps 
that have been surveyed by Goldschmidt ( 1989) (Fig. 19). 
Easterly excursions of the Morse River Inlet channel have 

resulted in remobilization of sand that has been in long-tenn 
storage along the state park beach. The eroded sediment enters 
the littoral transport system and becomes part of a large sediment 
gyre that circulates sand along Popham Beach (FitzGerald and 
Fink, 1987). 

SpiJ Accretion. Spit depositional and erosional processes 
appear to be the primary agent in modifying the mouths of most 
tidal inlets in Maine. The growth of recurved spits can cause a 
progradation of the ocean shoreline and/or constriction of the 
inlet. These processes are demonstrated well in the historical 
shoreline change maps of the southeast sides of the Spurwink and 
Scarborough River Inlets (Nelson, 1979; Fink et al. , in press; Fig. 
20). Even before the construction of the west jetty at Scar
borough Inlet (completed in 1962), the Pine Point shoreline had 
a long history of easterly accretion and seaward progradation. 
Between 1914 and 1952 the shoreline built eastward about 400 
m, while during the same period of time I 00 to over 300 m of 
beach was added to the ocean shoreline. However, it should be 
noted that Nelson ( 1979) has identified earlier shoreline positions 
which indicate that Pine Point experienced substantial erosion 
from 1889 to 19 14 and at several times prior to 1889 the shoreline 
extended to the same approximate position as it had in 1940 (Fig. 
20a). Because of the inaccuracies of the older maps (Nelson, 
1979), the real amount of erosion during this interval of time is 
unknown, as is the cause of the erosion. 

As shown in Figure 20b, the history of northern Higgins 
Beach at Spurwink Inlet is similar to that of Pine Point, with one 
major difference. Since 1879, the Spurwink Inlet channel, like 
Scarborough Inlet, gradually narrowed (by more than 200 m) due 
to the northeastward extension of Higgins Beach spit. However, 
during the same period, the ocean-facing beach, unlike Pine Point 
lost over 50 m of shoreline. The differences in erosional-deposi
tional processes at these two inlets can likely be explained by the 
greater abundance of sand along the Old Orchard-Surfside 
Beaches as compared to the Scarborough-Higgins Beach system. 
During the accretionary phase of the development of Pine Point, 
it is also possible that new sand supplies may have been intro
duced to the area as a consequence of jetty construction at the 
Saco Inlet and the ensuing onshore movement o f its ebb-tidal 
delta sands. The closure of the Little River Inlet also freed sand 
that was stored in its ebb-tidal delta system (Farrell, 1972). 

The interplay of sand resources between the ebb-tidal delta 
and the onshore beaches is an important process at large inlets 
and estuaries, particularly at the Popham Beach-Kennebec River 
Estuary system. This subject is discussed in the "Sediment 
Transport Trends" section later in this paper. 

Jetty Construction. On a final note, it should be recognized 
that man 's alteration of tidal inlets through jetty construction has 
accounted for large shoreline changes in Maine. The building of 
these structures has two primary effects. First, the longshore 
transport of sand becomes trapped on one or both sides of the 
jetties depending on their length and how they influence wave 
refraction patterns. Secondly, because fl ow from the inlet is 
confined by the jetties, the ebb je t extends further offshore. This 
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Figure 19. Sequential maps of the Morse River Inlet region covering a period when the inlet channel breached a new, hydraulically 
more efficient, pathway through the spit platform (from Goldschmidt, 1989). 

results in a portion of the terminal lobe sands being transported 
into deeper waters while the rest of the ebb-tidal delta sediments 
are moved onshore by wave action. This latter process at Gal
veston Harbor accounted for2.7 x 106 m3 of sand moving onshore 
along the adjacent beaches (Morton, 1977). After jetties were 
constructed at Murrells Inlet, South Carolina, a detailed monitor
ing program by the U.S. Army Corps of Engineers documented 
the landward migration and attachment of a large swash bar to 
the beach south of the inlet (Douglas, 1987). As mentioned 
earlier, this process has also occurred at the Saco River Estuary 
during the early l 900's (Farrell , 1972). 

Jetty construction at Wells Inlet in 1962 has led to a 200 m 
seaward migration of the shoreline on both sides of the inlet 
(Timson and Kale, 1976; Nelson, 1979; Fink et al., in press; Fig. 
21 ). These jetties have been extremely effective sediment traps 
due to their leng ths and the bidirectional long shore sand transport 
pattern that characterizes this section of coast (Byrne and Zeigler, 
1977). The jetties extend past the high tide shoreline by over 200 
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m and thus, intercept most of the littoral sand moving along the 
coast. While angular wave approach causes sand deposition 
along the updrift side of the inlet, the downdrift shoreline is 
sheltered from wave action by the jetties and therefore, loses little 
sediment. Wave refraction around the jetties also promotes 
stability along the immediate downdrift shoreline. The impound
ment of sand next to the jetties has seriously depleted the sand 
supplies of the adjacent beaches, resulting in erosion of Wells 
Beach and Drakes Island, and to a lesser degree Laudholm 
Beaches (Fink et al., 1984 ). 

TIDAL INLET HYDRAULICS 

Tidal forcing has a significant influence on the dynamics of 
tidal inlets in Maine and these controls vary with inlet size. To 
examine these influences, we present current velocity time series 
data (Table 2) and the results of tidal harmonic analyses for the 
medium-sized Ogunquit River Inlet and the large-sized Scar-
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TABLE 4. TIDAL CONSTANTS FOR OGUNQUIT OCEAN TIDE 

Speed Amplitude GMT1 Phase 
(deg/hr) (meters) (deg) 

Principal lunar . ' . . . M2 28.9841 1.293 101.82 
Principal solar ..... S2 30.0000 0.184 139.36 
Larger lunar elliptic .. N2 28.4397 0.304 58.9 1 
Luni-solar di umal ... Kt 15.0410 0.132 194.62 
M2 overtide2 M4 57.9682 0.012 336.48 
Principal lunar diurnal o, 13.9430 0.112 180.96 
Mz overtide .. M6 86.9523 0.007 125.84 
S2 overtide . . S4 60.0000 0.002 79.03 
S2 overtide . . . . . . . S6 90.0000 0.002 129.76 
M1 overtidc ..... Ms 115.9364 0.001 313.69 

Greenwich Mean Time 
2Higher frequency multiple of the as tronomic tidal component 

borough River Inlet. Although a thorough discussion of estuarine 
processes is beyond the scope of this paper, some tidal current 
data are presented for the mouth of the Kennebec River in the 
"Sediment Transport Trends" section. 

The Forcing Tide 

Amplitude and Greenwich mean time phase (Greenwich 
epoch (G) in Schureman, 1958) were calculated for a 29 day 
record from a site 200 m offshore of the Ogunquit River Inlet 
using the least squares harmonic analysis of Boon and Kiley 
(1978) (Table 4). The form number (Nf = (K 1 +01)/(M2+S2)) at 
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Figure 22. Plot of ebb and flood ranges for a 29 day tide record from 
200 m offshore of the Ogunquit River Inlet. The diurnal inequality is 
almost totally accounted for in the ebb half of the tidal cycle which is 
alternately larger than and then smaller than the flood range (from 
Lincoln and FitzGerald, 1988). 

this location equals 0.17, indicating a strong semidiurnal tide 
(Defant, 1958). The primary forcing constituent is the lunar 
semidiurnal M2 with an amplitude of 1.29 m. The mean tidal 
range for the 29 day tide record is 2.62 m with a maximum spring 
range of 3.68 m and a minimum neap range of 1.66 m. Average 
diurnal inequality is 36 cm. Tide constants were similar for a 29 
day tide record from a site 200 m seaward of the Scarborough 
River Inlet. A plot of tidal ranges for the 29 day period 
demonstrates that the ebb range of the ocean tide is alternately 
greater than and then less than the flood range (Fig. 22). Assum
ing a constant inlet cross section and bay area, stronger ebb 
currents are required to pass the alternately larger ebb tidal prism 
through the inlet. Likewise, when the ebb tidal range is alternate
ly smaller than the flood , ebb currents should be weaker than the 
flood currents. However, this particular tidal range-tidal current 

relationship is not observed within the small inlets along Maine's 
coast, indicating significant modification of the tide as it 
propagates through the inlet channel. 

Small and Medium-Sized Inlets 

Tide and Current Asymmetry. Tide durations measured for 
full tidal cycles (flood and ebb) at Morse, Sprague, Little (Goose 
Rocks), Batson, and Ogunquit River Inlets (Fig. l) indicate that 
the ebb exceeds the flood by an average of 3:22 hours (range: 
I :45 to 5: 15 hours, Table 5). The tide curve at these small inlets 
is characterized by a steeply rising tide followed by a less steeply 
falling tide with an extended period of slack water (Fig. 23). The 
following flood cycle begins abruptly. Low water occurs later in 
the inlet and bay than for the ocean tide, whereas the time of high 
water is nearly synchronous with the forcing ocean tide. At the 
same inlet throat stations, mean flood current velocity (depth and 
time-averaged) exceeded those of the ebb by an average of 21 
cm sec-1 while maximum flood currents (depth-averaged) are 20 
cm sec-1 stronger than those of the flood (Table 5). Assumimg 
no significant difference between ebb and flood tidal prisms (i.e. 
small d iurnal inequality and small fresh water influx) and assum
ing no significant change in the average channel cross-sectional 
area between ebb and flood, a simple conservation of mass 
argument can be used to explain the observed flood current 
dominance: because there is a shorter period of time to fill the 
back barrier than to empty it, flood current velocities must exceed 
ebb current velocities. 

Shallow Water Effects on Inlet and Bay Tide. As the ocean 
tide passes through the shallow channel of small and medium
sized inlets in Maine, two tide characteristics vary systematical
ly: 

( l ) Amplitude decay due to friction occurs in all semidiumal 
components (M2, S2, N2; Fig. 24) and, 

(2) Asymmetry between shorter flood and longer ebb dura
tions increases (Fig. 25; Table 6). 

TABLE 5. INLET THROAT TIDE CURRENTS AT RYE SMALL MAINE INLETS 

Maximum Velocity Average Velocity Duration Tidal Range 
Location Date F(cm/sec) E(cm/sec) F(cm/sec) E(cm/sec) F(hrs) E(hrs) F(cm) E(cm) 

Morse 6/19/82 155 117 121 59 4:24 7:52 183 173 
6/26/82 200 148 102 44 3:44 8:59 174 191 

Sprague 7/14/82 92 75 47 32 3:52 8:14 147 123 
8/04/82 9 1 90 51 33 3:18 8:06 147 121 

Little 7/27/82 80 62 45 43 5:1 0 7:20 238 228 

Batson 8/02/82 83 84 38 39 4:50 6:35 194 184 

Ogunquit 8/18/82 109 98 58 48 4:08 7:36 204 206 
8/19/82 I IO 78 62 36 4:32 7:40 214 220 
1/28/83 83 58 38 34 4:1 2 7:06 248 242 
1/29/83 120 68 68 35 5:42 8:03 297 290 
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Figure 23. Representative plots of tide levels and velocity time series measured at the throat section of three small-sized tidal inlets. 
Max imum and mean flood currents are stronger than those for the ebb. Ebb durations exceed those of the flood. 

There is no s ignificant variation in the diurnal K t, and 01, 
components, apparently a common observation for shallow inlets 
(Aubrey and Speer, 1985). Some semidiumal energy is trans
ferred to higher frequency tidal components called overtides (see 
Table 4), rather than lost to fr iction (Fig. 24). Boon a nd Byrne 
( 198 1) and Aubrey and Speer ( 1985) have shown that progressive 
development of tidal asymmetries within inlets and estuaries 
along the U.S. Atlantic coast may be sat isfacto rily modeled by 
the growth of the M4 overtide re lative to the M1. The ratio M4/M2 
varies with the magnitude of the asymmetry while the sense of 
asymmetry is reflected by the relative phase of the components. 

Pingree and Maddox ( 1978) isolated advection, friction , and 
continuity (conservation of mass) terms in the equation describ
ing fluid flow through an inlet as the primary sources of non
linear harmonic growth of ove rt ides. In small, constricted 
channels, advection is negligible. Numerical models of in let/bay 
systems, having backbarriers that are filled with supratidal marsh 
and tidal creeks with steep banks, predict prolonged ebb dura
tions a nd flood dominance (Mota O liveira, 1970; Seelig and 
Sorenson, 1978; Speer and Aubrey, 1985). The supratidal marsh 
occupies about 81 % of the total backbarrier area at small to 
medium-sized inlets in Maine; the rest is 10% intertidal sand 
shoals and 9% subtidal c hannels and open bay area (Lincoln and 
FitzGerald, 1988). Marsh areas are only inundated during the 
highest spring tides and periods of storm surge. Once the inter-

tidal sand shoals are overtopped by the rising tide (elevation <0.5 
m), the bay areas of the inlets do not vary signi ficantly. A 
non- linear continuity argument does not explain harmonic 
growth of ovcrtides at these small to medium-sized inlets, al
though it does appear to corroborate the modeling efforts men
tio ned above. Seelig and Sorenson ( 1978) predicted fl ood 
current dominance in shallow channels where friction increases 
significantly as a function of decreasing water depth. High 
friction at small inlets in Maine, which is evidenced by a 38% 
attenuation of the tidal amplitude over a d istance of only 2.3 km 
at the Ogunquit River fnlet, is likely to be a major cause of 
overtide (M4) generat ion. 

In addition to the fac tors noted above, L incoln and Fitz
Gerald ( 1988) proposed that flood current dominance (prolonged 
ebb duration) may be caused by a truncation of the lower portion 
of the ocean tide by the very shallow channels of these inlets 
(often 30 cm shallower than the ocean mean low water). Tide 
curves, which were reconstructed from the M1 and M4 tidal 
components using the three Ogunquit tide records shown in 
Figure 25, illustrate this truncation: low tide is raised more by 
attenuation plus truncation at the throat and bay stations than high 
tide is lowered by attentuation alone. As the ocean tide falls 
below the level of the channel, the position of low tide is 
controlled by c hannel depth (Fig. 26). Semidiumal inequalities 
and fortnight ly variations occur only in the high tide positions 
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Figure 24. Bar graph of 10 tidal constituents for three stations at the Ogunquit River Inlet: 200 m offshore, throat section, and in 
the bay, and two stations at Scarborough River Inlet: 200 m offshore and in the bay. 

since the minimum low tide level cannot fall below the channel 
floor. Inefficiency in emptying the dense marsh and tidal creek 
system in the backbarrier prevents the small tidal inlet channels 
from running dry during low tide. 

Tide and Current Asymmetry at Large-Sized Inlets 

Tide records from the seaward station at the large-sized 
Scarborough River Inlet (Table 1) show tide range and duration 
asymmetry similar to the Ogunquit ocean tide station (Tables 2 
and 5). As should be expected, constants for the forcing tide are 
nearly the same for both inlets since they are only separated by 
about 30 km (Fig. 24 ). However, as the tide propagates through 
the deeper and wider Scarborough Inlet channel, flood duration 
increases slightly at the inlet throat and does not begin to exhibit 
flood dominant shallow water effects until the tide reaches the 
bay station (Fig. 24, Table 6). 

Compared to Ogunquit Inlet, attenuation of diurnal com
ponents at Scarborough Inlet is minimal, indicating less friction 
in the channel at large-sized inlets. Growth of overtides is also 
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TABLE 6. ATIENUATION AND ASYMMETRY OF THE TIDE 
AT A SMALL AND MID-SIZED INLET 

OGUNQUIT RIVER INLET 
Occan 1 Throat1 Bay 1 

Tide Range (meters) 
Ebb Duration (hours) 
Flood Duration (hours) 

2.62 
6.17 
6.25 

2.28 
6.75 
5.68 

SCARBOROUGH RIVER INLET 

l.62 
7.73 
4.49 

Ocean1 Throat2 Bay 1 

Tide Range (meters) 
Ebb Duration (hours) 
Flood Duration (hours) 

2.73 
6.17 
6.25 

Average of 29 day tide record 
2 Average of 4 full tide cycle records 

2.98 
6.00 
6.40 

2.59 
6.35 
6.07 

small, indicating that non-linear advection and continuity effects 
do not influence the inlet tide significantly. Due to a slight 
asymmetry which favors longer flood durations at the Scar-
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borough inlet throat, the same continuity argument that was used 
to explain the flood current dominance a t small and medium
sized inJets can also be employed to predict the ebb dominance 
at Scarborough Inlet. For any g iven tidal range at Scarborough 
Inlet, both maximum and mean ebb current velocities exceed that 
of the flood at the inlet throat (Barker, 1988; Fig. 27). 

The backbarrier at the Scarborough River lnlet has more 
intertidal area and a smaller percentage of high marsh than at 
small and medium-sized inlets (Barker, 1988). Non-linear basin 
filling due to large intertidal areas within the backbarrier (i.e. 
tidal flats and low marsh) was shown to be the primary cause of 
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Figure 26. Complete tide records from three Ogunquit Inlet locations 
(Fig. 25). Note that bathymetry controls the low tide level. Diurnal 
inequalities and fortnightly variations are also eliminated from low tide 
as the channel shoals above the ocean mean low water level (from 
Lincoln and FitzGerald, 1988). 

ebb dominance at Wachapregue lnlet, Virginia (Boon and Byrne, 
198 1) and at Price Inlet, South Carolina (FitzGerald and Num
medal, 1983). FitzGerald and Nummedal (1983) argued that a 
large bay area at high tide causes inefficient inlet filling, whereas 
a small bay area at low tide allows more efficient exchange of 
water. Low efficiency at high tide causes the time of high water 
in the bay to lag behind the ocean tide, whereas lag time for low 
tide is minimal. This is opposite to the situation observed at small 
and medium-sized inJets where high tide is nearly synchronous 
with the ocean tide and time of low water lags far behind the 
ocean tide. As noted above, Lincoln and FitzGerald ( 1988) 
proposed that low water lag at small and medium-sized inJets is 
due to the time required for the ocean tide to rise above the 
channel bottom. 

These fundamental differences between the way the ocean 
tide interacts with small and medium-sized versus large-sized 
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Figure 27. Plots of tidal range versus: (a) mean current velocity and (b) maximum current velocity at the Scarborough Inlet throat 
(from Barker, 1988). 

inlet channels control tidal asymmetry and thus profoundly affect 
the sedimentation patterns at these types of inlets. 

SEDIMENT TRANSPORT TRENDS 

In this section, sand transport trends are briefly described for 
the Ogunquit and Scarborough River Inlets and at the mouth of 
the Kennebec River. While the sand transport patterns al the 
Ogunquit River Inlet are quite similar to dispersion processes at 
other small to medium-sized inlets, sedimentation processes at 
Scarborough Inlet and the Kennebec Estuary are less repre
sentative of their size classes (Table 2). This is because many of 
the large inlets have jettied entrances and/or vastly different 
sediment abundances. More detailed discussions of the these 
inlets can be found in FitzGerald et al. ( 1984), FitzGerald and 
Fink ( 1987), Lincoln and FitzGerald ( 1988), and Barker ( 1988). 

Ogunquit River Inlet 

While longshore transport rates are generally quite low 
along the Maine coast (<10,000m3/yr; Byrne and Zeigler, 1977; 
Fink et al., 1984 ), northeast storms are capable of moving large 
quantities of sediment along the shore during a relatively short 
period. Along Ogunquit Beach a net southerly transport direc
tion, which would be predicted by the dominant northeasterly 
waves, has been documented by wave process measurements and 
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sedimentological data (Lincoln et al., 1985). Once sand reaches 
the vicinity of the inlet, wave-generated and flood-tidal currents 
transport the sediment across the spit platform and into the inlet 
channel (Fig. 28). Sand in the outer portion of the main channel 
is moved in a net seaward direction by the dominant ebb tidal 
currents, eventually being deposited on the ebb delta. Here, wave 
action moves the sand back onshore to the spit platform and the 
adjacent beach, thus completing the counter-clockwise sediment 
gyre. 

Sand which is deposited in the inlet channel along the 
landward portion of the spit platform is transported into the 
backbarrier by dominant flood-tidal currents (FitzGerald et al., 
1984; Fig. 28). This sediment accumulates on flood-tidal deltas, 
in channels, and in other intertidal environments. This landward 
movement of sand has been corroborated with geomorphic 
evidence. In 1974, the flood delta was mined of its sand for dune 
construction along the adjacent Ogunquit Beach (Fig. 29a). One 
year later, the flood-tidal delta had completely reformed to 
original size and configuration (Fig. 29b). 

Scarborough River Inlet 

The similarity of the 1970 vertical aerial photograph of the 
Scarborough River Inlet in Figure 14 to the present condition 
indicates that little has changed at the inlet over the past 17 years. 
A detailed historical study of the inlet by Barker ( 1988) covering 
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Figure 29. Aerial photographs of the Ogunquit River Inlet showing the 
flood-tidal delta (a) after it had been mined of its sediment (1974), and 
(b) one year later (1975) after it had completely reformed (taken by 
Fink). 

the last 30 years confirms this. The stability of Scarborough Inlet 
argues that the majority of sediment in transport at the inlet is 
recirculated with little of it being deposited in long-term sinks. 
Even the Pine Point shoreline next to the south jetty has not built 
seaward appreciably during the last I 0 years (Barker, 1988). 

Sand transport patterns on the ebb-tidal delta are similar to 
those described for many other inlets (Bruun and Gerritsen, 1959; 
Dean and Walton, 1975; Hine, 1975; FitzGerald et al., 1976). 
Sand from the terminal lobe is moved onshore across the swash 
platform to the channel margin linear bars by wave-generated 
and flood-tidal currents. From there, it is dumped into the main 
channel where dominant ebb-tidal currents (Fig. 27) transport the 
sand to the terminal lobe, thus completing the sediment gyre. The 
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Figure 30. Sediment transport model for the mouth of the Kennebec 
River and Popham Beach (from FitzGerald and Fink, 1987). 

presence of landward migrating swash bars at the Scarborough 
River Inlet indicates that sand is also exchanged between the ebb 
delta and adjacent beaches (Fig. 14) (Farrell, 1972; Barker, 
1988). 

The fact that Scarborough Inlet has a flood-tidal delta (Fig. 
14), even though the inlet is dominated by ebb currents (Fig. 27), 
is not surprising. This same situation has been reported at several 
other locations including nearby Hampton, Merrimack, Parker, 
and Essex River Inlets (Boothroyd and Hubbard, 1975; Hayes 
1975). These sand deposits will form if there is sufficient room. 
Sand is transported into the backbarrier primarily during storms 
when increased volumes of sand are delivered to the main 
channel and strong flood currents are produced by the storm 
surge. 

Kennebec River Estuary 

A large clockwise sediment gyre exists at the mouth of the 
Kennebec River which circulates sand along Popham Beach and 
in the offshore region (FitzGerald and Fink, 1987; Fig. 30). This 
movement of sand, which is driven by tidal currents near the 
mouth of the river and by wave-generated currents along the 
beach and on the offshore bar (Fig. 30), has been corroborated 
by bedform data, bar migrational trends, and beach surveys 
(FitzGerald and Fink, 1987). Along the southward-facing beach, 
sand is transported in a net easterly direction by dominant easterly 
longshore currents. Once in the vicinity of the Wood Island 
tombolo, flood-tidal currents augment the wave-generated cur
rents, moving sand into the Kennebec River. 
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Figure 3 1. Representative current velocity curves for the Popham Beach region measured with a Marsh-McBirney electromagnetic 
current meter (data from FitzGerald and Fink, 1987). 

Most of the sand delivered to the Kennebec River main 
channel appears to be transported into an ebb spillover lobe 
channel between Pond and Wood Islands (Fig. 31). A large, 
shallow terminal lobe (depth <2 m) has formed by the seaward 
movement of this sand. During easterly storms, waves breaking 
along the terminal lobe feed sand to a shallow bar that extends 
continuously to Fox Island, a distance of 1.5 km. Although not 
fully documented, aerial photography and some current data 

taken during storms indicate that sediment is moved in a westerly 
direction along this bar where it ultimately becomes incorporated 
into swash bars that form near Fox Island. These swash bars 
coalesce as they move onshore, forming a large bar complex that 
extends eastward along the beach up to 2 km and whose slipface 
is 2 to 3 m high (Fig. 32). The landward migration and attachment 
of the bar complex to the beach, having a volume of about 
400,000 m3 of sand, completes the clockwise sediment gyre. 
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Figure 32. Photographs of bar complexes migrating onshore along the 
southwest end of Popham Beach near Fox Island: (a) 1976 aerial 
photograph (taken by Fink) and (b) a ground photograph of the 2 to 3 
m high bar slipface in 1982. These photographs were taken of two 
different bars. The bar present in 1976 had fully welded to the beach 
by 1978 and the bar present in 1982 had completely attached to the beach 
by 1984. 

During the past 30 years, this process has been repeated every 6 
to I 0 years and has accounted for shoreline progradation and 
erosion amounting to over I 00 m (FitzGerald and Fink, 1987). 

SUMMARY 

The occurrence of tidal inlets in Maine is closely related to 
the presence of large glacial deposits of sandy sediments. They 
are found in locations where sand supplies have been sufficient 
to form barriers: along the arcuate embayment shoreline of 
southern Maine and along the peninsula coast at the mouths of 
the Kennebec and Sheepscot Rivers. The morphology of 
Maine's inlets is dependent on their size which, in tum, is 
controlled by their tidal prism. Small and medium-sized inlets 
are anchored next to bedrock headlands and are bordered by spit 
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platforms. They lack ebb-tidal deltas, but generally contain one 
or more well developed flood-tidal deltas. The backbarrier of 
these inlets consists primarily of high marsh and a central tidal 
creek with little intertidal sand flat or bay area. Large-sized inlets 
have similar morphology, but have better developed ebb deltas 
and more intertidal and bay area. In comparison to the tidal inlets, 
the Saco, Kennebec, and Sheepscot Estuaries have relati vely less 
marsh and intertidal flat development but more open water area. 

Tidal inlets in Maine have experienced relatively little 
historical migration and only Ogunquit River Inlet has actually 
changed location during the past 200 years. However, inlet 
processes have been and continue to be responsible for the 
greatest amount of shoreline change along the adjacent barriers. 
These processes, which include meanderings of the main ebb 
channel, spit accretion, and the exchange of sand between the 
ebb-tidal delta and landward beaches, are best exemplified at 
Morse River Inlet, Spurwink Inlet, and at the mouth of the 
Kennebec River, respectively. 

Tidal hydraulics at Maine's inlets are strongly influenced by 
their size. At small to medium-sized inlets, the shallow nature 
of the main inlet channel causes a truncation of the lower portion 
of the ocean tide. This results in a prolonged ebb cycle, short 
flood cycle, and stronger mean and maximium flood than ebb 
current velocities. This condition produces net landward sedi
ment transport into the back barrier. At large inlets, the wider and 
deeper channel has less effect on the ocean tide and dominant 
ebb-tidal flow at these inlets can be explained in terms of inlet 
efficiency and filling characteristics of the backbarrier. 

Due to Maine's indented coastline, sand transport patterns 
at its tidal inlets are characterized by discrete well-defined sand 
recirculation patterns rather than net movement out of the system. 
At small and medium-sized inlets these circulation cells include 
just the spit platform and inlet channel while at large inlets they 
normally encompass the entire ebb-tidal delta. At the mouth of 
the Kennebec River, tidal and wave processes produce a sediment 
gyre that involves a 1.5 km length of shoreline and is responsible 
for the formation and attachment of a bar complex to the beach 
that comprises over 400,000 m3 of sand. 
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ABSTRACT 

Lake basins in Maine were formed primarily by granular disintegration of plutonic rocks and by stream and 
glacial erosion of metasedimentary rocks. During and immediately following deglaciation, all Maine lakes were the 
sites of glacial-marine or glacial-lacustrine environments. Meltwater carried glacial sediments to these basins while 
ice was still present within the watersheds, and subsequently some lake basins developed lake-outlet deltas. 
Lake-outlet deltas are accumulations of sediment at the normal outlet of a lake, formed during flooding of trunk 
streams. During some floods, river levels may exceed those of nearby lakes, and water and sediment are carried 
into the lake, the outlet becoming a temporary lake inlet. Rivers which form lake-outlet deltas head in the 
Appalachian Mountains of Maine and New Hampshire, where spring floods from snow melt occur each year. 
Vibra-cores from the Lobster Lake delta, located above the glacial-marine limit, show thick varved sediments 
overlain by about 4 m of thinly interbedded sand and silt. This sequence has been interpreted as sediments deposited 
during flow reversals. Cores from the Androscoggin Lake delta contain glacial-marine silts and clays of the 
Presumpscot Formation, overlain by interbedded flood-derived sands and silts separated by organic-rich silts which 
represent the deposition between flood events. The morphology of Maine outlet-deltas is dependent upon the relative 
importance of waves within the lakes vs. the effect of flood waters and sediment supply from the rivers. Like marine 
deltas, they vary from elongate fluvially dominated systems to deflected, wave dominated types. 

PROLOGUE 

"At mid-afternoon we embarked on the Penobscot... The river had been rai sed about two feet by rain ... After paddling 
about two miles, we parted company with the explorers, and turned up Lobster Stream, which comes in on the right, from 
the southeast. This was six or eight rods wide, and appeared to run nearly parallel with the Penobscot. Joe said it was so 
called from the small freshwater lobsters found in it. My companion wished to look for signs of moose, and intended, if it 
proved worth the while, to camp up that way, since the Indian advised it. On account of the rise in the Penobscot, the water 
ran up this stream quite to the pond of the same name, one or two miles ... " 

from Henry David Thoreau, 1864, The Maine Woods 

INTRODUCTION 

While lakes are present throughout Maine, most occur 
within two broad belts, one in north-central Maine and the other 
in the coastal region. Both belts are characterized by the presence 

of numerous plutonic rock bodies, mostly of Devonian granite. 
The weathering and erosion of these and other plutons have 
formed more than 500 lake basins in Maine. About 800 lake 
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basins were fonned by flu vial and glacial erosion of sedimentary 
rocks, often along major faults. Lakes occupy about 11 % of the 
surface area of plutons and less than 3% of the areas underlain 
by sedimentary and metasedimentary rocks. A few lake basins 
were fonned by the damming of stream valleys by glacial drift. 

Many lakes are connected to the principal rivers of Maine 
by smaller outlet streams. A few large lakes fonn the actual 
headwaters of some large rivers in Maine, including Moosehead 
Lake that feeds directly into the Kennebec River, Aziscohos Lake 
that drains into the Androscoggin River, the Pemadumcook Lake 
system that feeds the West Branch Penobscot River, and Cham
berlain Lake that is the direct source of the Allagash River. There 
are no lakes along the lower reaches of major river systems in 
Maine, probably because most large rivers appear to flow around 
plutons rather than through them (Denny, 1982). 

In a number of lakes in Maine, deltas are found at what are 
nonnally the outlets to these lakes. Outlet delta sedimentation 
occurs during flood events when the stage of a river exceeds that 
of the nearby lake, creating a flow reversal in the outlet stream. 
During these events, the lake outlets become temporary inlets. 
While most lakes containing outlet deltas are situated in flood 
plains, the Androscoggin delta is more than 10 km from the 
Androscoggin River. Outlet deltas are found in lakes along all 
of the major rivers in Maine, with the most (five) in the Saco 
River drainage. Outlet delta shape is controlled by the relative 
importance of riverine versus lacustrine processes. 

The first outlet delta reported in Maine was the Androscog
gin Lake delta, described by Leavitt and Perkins (1935). Logan 
( 1942) discussed the deltas in Kezar Lake and Androscoggin 
Lake and first popularized the term "lake-outlet delta." Since 
then, 12 other deltas have been identified in Maine (Caldwell et 
al., 1981 ), and at least two similar deltas have been reported in 
New Brunswick along the St. John River (Woodrow Thompson, 
pers. commun., 1986) and along the Magaguadavic River 
(Ganong, 1896). 

To our knowledge, the only other lake-outlet delta reported 
in the literature occurs in Pitt Lake, British Columbia (Ashley, 
1978). The flow reversals in Pitt Lake are caused by a combina
tion of tidal currents and river floods. The deposits of lake-outlet 
deltas are similarto the slack-water deposits described by Kochel 
and Baker ( 1982) and Kochel et al. (1982) to the extent that 
sedimentation occurs in tributaries during flood events in trunk 
streams. 

The purpose of this paper is to discuss the origin of lakes in 
Maine and the effect that glaciation had on their development. A 
second focus of the paper is to describe the formation and 
sedimentary environments of outlet deltas that occur in many of 
Maine's lakes. 

ORIGIN OF MAINE LAKES 

Many of the lakes in Maine occur in areas underlain by 
coarse-grained plutonic rock (Fig. I , Table l ; Caldwell and 
Hanson, 1987; Hanson and Caldwell , 1983; Hanson and 
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Caldwell, this volume). The basins containing these lakes were 
formed by granular disintegration of phaneritic plutons. Some 
of the plutons were weathered to saprolite or rottens tone at some 
time prior to the last glaciation, probably during the Tertiary 
(LaSalle et al., 1985; Caldwell et al., l 985a). Glacial and fluvial 
erosion of these thick soils may also have formed some of the 
lake basins, while others were due to fluvial and glacial erosion 
of less resistant sedimentary and metasedimentary rocks. Some 
of the basins are exceptionally deep; Moosehead Lake, for 
example, has reported depths of nearly 75 m. The deepest lake 
in Maine, however, is Sebago Lake with a maximum depth of 
over 95 m. Hanson and Caldwell (this volume) have shown that 
the relative weakness of pre-Silurian rocks in northern Maine is 
related to the multiple episodes of deformation that these rocks 
have experienced, forming joints in brittle rocks and multiple 
cleavage planes in pelitic rocks. The erosion of these rocks has 
generally resulted in the formation of low topography. The 
central part of Moosehead Lake and parts of Chesuncook Lake, 
as well as all of Rangeley and Caucomgomoc Lakes, are ex
amples of lakes developed in these regions of older, weaker rock. 

Erosion along faults in both sedimentary and igneous rocks 
has also been responsible for the formation of some of Maine 's 
lake basins. Examples of these include the western portion of 
Squa Pan Lake in Aroostook County, formed along a fault in the 
Seboomook Fonnation; Rainbow and Nemakanta Lakes, which 
are fault-controlled lakes within the Katahdin pluton (Fig. 2); and 
Merrymeeting Bay (likely a lake at some lower sea level) which 
formed within the Norumbega fault zone. 

GLACIAL AND POSTGLACIAL HISTORY OF 
MAINE LAKES 

Generally, lakes are rare features in unglaciated regions. In 
glaciated regions such as Maine, the land was locally eroded 
below the water table, forming natural depressions. Glacial 
erosion was localized along faults, in areas of weak or weathered 
rock, or along preglacial valleys. Glacial deposition had the 
effect of partially filling these basins, and in some cases glacial 

TABLE I. EXAMPLES OF LARGE (25.0 km2
) LAKES IN MAINE 

UNDERLAIN BY PLUTONIC ROCKS. SEE ALSO TABLE 2. 

Lake Pluton Age of Pluton 

Sebago Sebago Carboniferous 
Mooselookmeguntic Mooselookmeguntic Devonian 
Richardson Mooselookmeguntic Devonian 
Great Pond Rome Devonian 
Pemadumcook Katahdin Devonian 
West Grand Bottle Lake Devonian 
Chiputneticook Chiputneticook Devonian 
Meddybemps Meddybemps Devonian 
Attean and Wood Attean Ordovician 
Cupsuptic Cupsuptic Ordovician 



Lovewell 

Lake-outlet deltas 

V Squa Pan Lake~ 

t 
~bee Lake 

Moose Pond 
.... - ... 

Major lakes 

~ Plutonic rock bodies 

0- - - 50 Kilometers 

o--==i--===--•50 Miles 

Figure l. Map of Maine showing location of major lakes and plutonic rock bodies (after Osberg et al., 1985). 

drift created lake basins by damming river valleys (Jordan and 
Caldwell, 1977). 

Immediately following the retreat of the late Wisconsinan 
ice sheet from coastal Maine, beginning about 14,000 years ago, 

the glacially formed lake basins were filled with water (Belknap 
et al., 1987; Thompson and Borns, 1985). Many of the lake 
basins were temporarily flooded by the marine submergence and 
were the sites of deposition of glacial-marine sediments. 
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Figure 2. Photograph of a portion of the Katahdin pluton illustrating 
the effect of erosion along faults. The basins of Rainbow Lake (top) 
and Nemakanta Lake (below) are fault controlled. Photograph courtesy 
of the Great Northern Paper Company. 

Vibracores taken near the outlet delta in Androscoggin Lake 
contain marine clays and silts of the Presumpscot Formation. 
These deposits are overlain by sand and silt carried into the lake 
during late-glacial and postglacial flow reversals. 

Thompson and Borns ( 1985) indicate that only a few lake 
basins (e.g. Lobster Lake, Brewer and Caldwell 1975; Attean and 
Wood Ponds, Caldwell and Hanson, 1975) contain mappable 
glacial lake-bottom deposits (particularly at the scale of their 
map, l :500,000), although this does not exclude the possibility 
that ice-marginal lakes existed in other basins. 

Theoretically, all of the modem lake basins above the marine 
limit contained glacial lakes as soon as the last ice sheet retreated 
from them, unless they were occupied by ice blocks. Because 
few coring or seismic studies have been made in Maine lakes, it 
is not known whether lakes above the marine limit contain 
varved-clay deposits. In addition, due to the fact that nearly all 
lakes in Maine are artificially dammed, with water levels raised 
by one to several tens of meters, it may be possible that some 
pre-dam exposures of lake-bottom deposits have simply been 
flooded (Caldwell et al., l 985a). 

EFFECTS OF GLACIAL REBOUND ON 
DELTA SEDIMENT A TI ON 

The postglacial rebound of Maine has caused the land to be 
raised upward toward the northwest. Lines of equal crustal 
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rebound (isobases) strike toward the northeast, approximately 
parallel with the Maine coast (Thompson et al., 1983). Rivers 
flow across the coastal lowland of Maine more or less down this 
rebound surface, but with numerous easterly or westerly excur
sions where their courses are controlled by regional bedrock 
structure. In their headwaters, these same rivers are largely 
adjusted to bedrock structure, and thus flow for tens of kilometers 
in easterly or westerly directions before moving into the coastal 
lowland (Hanson and Caldwell, this volume). In both regions 
there are lakes with outlet deltas that occupy positions either 
north or south of the reaches where rivers roughly parallel a 
rebound isobase. 

Lakes with outlet deltas began to experience flow reversals 
some time following deglaciation when the modem drainage 
systems were being established. The initiation of outlet-delta 
sedimentation was affected by postglacial rebound, particularly 
where long outlet streams were involved. For example, lakes that 
lie north of a trunk stream would become higher relative to the 
river as rebound continued, making flow reversals more difficult. 
In fact, the only such lakes that continue to experience flow 
reversals are very close to the trunk stream, such as Lovewell 
Pond, Kezar Pond, and Kezar Lake. Lakes that lie south of trunk 
streams occupy a position that has become more favorable for 
flow reversals as rebound has continued, since rivers have be
come higher relative to lake elevations. During normal flow 
conditions, the outlet streams must run northward, against the 
regional slope of the land. This gives the north-running streams 
low gradients and makes flow reversal easier. This would sug
gest that lakes lying south of trunk streams began receiving 
sediment during reversal events later in geologic history than did 
those lying to the north. It would also follow that lakes may have 
existed that received sediment early in postglacial history and 
then, as rebound raised the lakes too high for reversals to occur, 
ceased to be sites of outlet sedimentation and delta development. 
Lakes that lie to the east or west of a trunk stream, and roughly 
on the same rebound isobase, such as Pushaw Lake and the 
juncture of Pushaw Stream and the Penobscot River, have not 
changed in elevation relative to the outlet stream as rebound took 
place. 

GEOMORPHOLOGY OF LAKE-OUTLET DELTA 
SYSTEMS 

The one consistent trend in all of the outlet deltas that we 
have studied is that the outlet streams join the trunk stream at an 
acute angle on the outside of a meander bend (Fig. 3). The 
relationship between outlet and trunk stream aids in the diversion 
of water and sediment from the river to the outlet stream. Kochel 
and Baker ( 1982) found the optimum angle between trunk and 
tributary stream for the formation of slack water deposits to be 
90°. In his classic study of river meanders, Friedkin ( 1945) 
showed that during bankfull flow conditions there is a higher 
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Figure 3. Junctions of the outlet streams and river systems. The junction of the Androscoggin River and the outlet stream to 
Androscoggin Lake, the Dead River, is shown in oblique aerial photograph. Note that the outlet streams join the trunk streams at 
acute angles on the outside of meander bends in the main stream. Small islands commonly occur where the two streams join. 

e levation of the water surface on the outside of a meander bend HYDROLOGY OF LAKE-OUTLET DELTAS 
than on the inside. Such a condition would favor the transfer of 
water into an outlet channel and aid in flow reversals. There are 
small islands at the juncture of some lake-outlet streams with 
trunk streams which may further promote the delivery of water 
and sediment to the delta (Fig. 3). The origin of these islands is 
unknown. 

Logan ( 1942) and Caldwell et al. ( 1981) have demonstrated 
that lake-outle t deltas only occur in lakes that have small water
sheds compared with their trunk streams. Such a condition 
makes it likely that a trunk stream would have a larger flood than 
that in the lake watershed, or that flooding in the trunk stream 
would occur after the flood in the lake watershed had subsided. 
Either condition would cause water and sediment to be carted 
from the trunk stream to the lake, where outlet delta sedimenta-
tion would occur. 

All of the river watersheds that contain known lake-outlet 
deltas (Fig. 4; Table 2) have their headwaters in the Appalachian 
Mountains of Maine and New Hampshire where thick winter 
snow accumulates, and where flow reversals are most common 
during annual spring thaws. The Saco River heads in the White 
Mountains of New Hampshire and is at present the only uncon
trolled river in Maine that is associated with the formation of 
outlet deltas. Therefore, the Saco River and its deltas are the most 
suitable systems for monitoring natural flow reversals. The 
Lovewell Pond delta was chosen for detailed study because it is 
the most accessible of the deltas in this system and appears to 
flood more often than other such deltas along the Saco. Two stage 
recorders were installed, one in Lovewell Pond, near its delta, 
and another in the Saco near the outlet channel of Love well Pond. 

IOI 
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a 

Figure 4. Location map and vertical aerial photographs of lake-outlet deltas. (a) Location of known lake-outlet deltas along major 
river systems in Maine. Numbers refer to sites of known deltas (see also Table 2). (b) Kezar Pond delta (Fig. 4a, Site 2). (c) 
Androscoggin Lake delta (Fig. 4a, site 6). (d) Lovewell Pond delta (Fig. 4a, site 1). 



lake-outlet deltas 

TABLE 2. LOCATION AND CHARACTERISTICS OF LAKE-OUTLET DELTAS IN MAINE. LAKES THAT ARE UNDERLINED 
ARE DISCUSSED IN SOME DETAIL IN TEXT. SEE FIGURE4 FOR LOCATION OF THESE DELTAS. 

Lake Outlet Stream Outlet Length (km) Trunk Stream Location 

I. Lovewell Pond no name 2 
2. Pleasant Pond no name I 
3. Kezar Pond no name 3 
4. Kezar Lake Kezar Outlet 4 
5. Charles Pond Cold River 2 
6. Androscoggin Lake Dead River II 
7. Umbagog lake no name 2 
8. Kennebago Lake no name I 
9. Lobster Lake Lobs1er S1ream 3 
10. River Pond Pockwockamus Ddwlr I 
I I. First Debsconeag Lake Debsconeag Ddwtr I 
12. HolebPond Holeb Stream 2 
13. Crowell Pond McGurdy Stream 3 
14. Pushaw Lake Pushaw S1ream 12 

During late April and early May of 1986, stage recordings 
were made of a flood that originated in the White Mountains from 
warm temperatures and rain (Fig. 5). The stage hydrographs 
show that the Saco River rose rapidly to the flood peak, followed 
by a delayed recession, producing a typical asymmetrical flood 
hydrograph. The hydrograph for Lovewell Pond is more sym
metrical, indicating a slower rise and slower recession than 
exhibited by the river. The greatest difference in stage between 
the river and pond occurred early during the flood, resulting in 
maximum current velocities in the outlet stream being directed 
toward the lake. Similar maximum lakeward velocities also 
occur in other outlet streams as evidenced by the orientation of 
fallen trees. In every situation we have studied, it is apparent that 
trees topple into the water as channel banks are undermined 
during floods. The root systems remain partially attached and 
the crowns of the trees become oriented toward the lake. 

The hydrographs shown in Figure 5 may be used to better 
understand the process of formation of the Lovewell Pond outlet 
delta. Because the transport of sediment is related to the cube or 
higher power of velocity (Maddock, 1969), the direction of net 
sediment movement is more a function of current strength than 
of the duration of flow. Thus, it may be assumed that more 
sediment is transported toward the lake during the rising limb 
than is carried back to the river during the falling limb (Fig. 5). 
The presence of the delta and lakeward-oriented megaripples 
(length= 3-4m) in the Lovewell Pond outlet channel (Chormann, 
1983) are geomorphic evidence that corroborates this. 

In the spring of 1987, we attempted to monitor another 
reversal event in the Lovewell Pond outlet stream. Unfortunate
ly, the April flood of that year equaled the 75-year record flood , 
according to preliminary data of the United States Geological 
Survey, and our equipment was devastated. Our stage recorders 
were submerged by 3 m of water during the flood (Fig. 6), leaving 
only a partial record of the flooding event. Because of the close 
proximity and small elevation difference between the Saco River 
and Lovewell Pond, once the natural levee of the Saco was 
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Figure 5. Stage hydrographs of a flood recorded in late April and early 
May, 1986 on Lovewell Pond and on the Saco River near Lovewell 
Pond. Note the steep ris ing limb and the more gentle falling limb of the 
river hydrograph, and the symmetrical hydrograph of the lake. The 
greatest stage difference occurs when the river stage is rising and the 
lake is beginning to fill. This head difference results in net sediment 
transport toward the lake. 

overtopped, water entered the lake along several fronts. This 
caused the lake and river to rise together, with little difference in 
e levation, during most of the flood. Sediment traps placed on the 
delta were also lost, thwarting our attempt to relate flood dis
charge to sedimentation rates. 

DELTA SEDIMENTATION 

General Stratigraphy 

The stratigraphy of the Lobster Lake and Androscoggin 
Lake deltas has been studied from six vibra-cores and sixteen 
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Figure 6. Location of Lovewell Pond stage recorder. (a) Stage recorder 
in March, 1987. (b) Approximate location of Lovewell Pond stage 
recorder during record floods of April, 1987. The recorder was covered 
by about 3 m of water. 

kilometers of shallow seismic tracklines taken in Lobster Lake 
(Caldwell et al., 1985b). These data reveal that a glacial lake had 
existed near the northwestern end of Lobster Lake, and up to 15 
m of lake-bottom silt and clay were deposited in this region. The 
glacial lake varves are overlain by outlet delta sediments which 
consist of approximately 4 m of thinly interbedded sand and silt. 
In each sand and silt couplet (2-5 cm thick) of the deltaic deposit, 
the coarser sand is thought to represent sediment carried into the 
lake via the outlet stream during a flood event. The overlying 
finer silt is believed to be deposited during the slack water 
conditions that occurred after the lake and the river equilibrated, 
as well as deposition between flood events. Although a detailed 
microscopic analysis of these sediment cores has yet to be done, 
a cursory examination of the cores revealed that the fine-grained 
sediments are rich in pollen and diatoms. Because the floods 
which bring sediment to the delta occur most frequently in the 
late winter and early spring when new pollen are scarce, it is 
believed that much of this fine sediment is actually deposited 
during the summer and fall. 

Cores from the Androscoggin Lake delta contain a similar 
deltaic sequence underlain by glacial-marine sediments of the 
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Presumpscot Formation. The top meter of the sediments under
lying the delta are distinctly varved, suggesting that the sea had 
retreated from this area during the final glacial sedimentation in 
Androscoggin Lake. 

Seismic profiles in Lobster Lake taken near the delta front 
show a well-developed, submerged levee system (Fig. 7), a 
feature common to many marine and fresh-water deltas. As 
shown in both seismic records and core data, the deltaic sedi
ments overlie glacial-lake varves. 

Delta Environments 

The morphology of lake-outlet deltas in Maine is highly 
variable, but generally they contain similar depositional environ
ments. The dominant features of all deltas are a main channel 
and natural levees that are composed of fine sand and silt. Marsh 
deposits flank the levees and cover overbank sediments. Dis
tributary channels are not common, but do occur on the delta of 
Androscoggin Lake (Fig. 4c). 

Sediment transported to the delta front is deposited as a 
subaqueous, lobate platform. If the lake is large and has a 
properly oriented fetch, platform sediment may be reworked by 
wave action. One such example is Lovewell Pond, the longest 
fetch of which is oriented into the prevailing winds. Twenty-knot 
winds across the lake produce wave heights of 45 to 50 cm which 
have sufficient energy to rework sand on the delta platform. This 
sand is transported onshore, forming beach ridges at the delta 
mouth (Figs. 8a, 9b). In Maine outlet deltas, these beach ridges 
may be paired orunpaired and are perpendicular to highly oblique 
to the orientation of the main channel. Commonly, the ends of 
the beach ridges are lengthened by spit growth. In the Lovewell 
Pond delta there are at least three sets of tree-covered beach 
ridges, each representing a period of sedimentation and rework
ing (Fig. 8a). 

Delta Shapes 

The general shapes of Maine's outlet deltas correspond well 
to Scott's classification published in Fisher et al. ( 1969, p. 82). 
Because Scott relates delta morphology to fluvial versus marine 
conditions and because he defines marine processes as wave 
action and longshore transport, his scheme works well in lake 
environments. When depositional processes of the river are the 
major influence on the delta, an elongate form like that of the 
Mississippi bird-foot delta results. The Androscoggin Lake (Fig. 
4c) and Kezar Pond (Fig. 9a) deltas are examples of this type of 
delta morphology. The Androscoggin Lake delta has prograded 
3 km into the lake and merged with a line of till-covered bedrock 
islands which protect the delta from wave attack. 

The shape of the Lobster Lake delta (Figs. 8b and 9c) reflects 
a delta that is dominated by wave processes. Lobster Stream, the 
lake outlet, parallels the shore for about 0.6 km before connecting 
to the lake. The stream is separated from the lake by a vegetated 
spit that has formed in response to longshore transport of sand 
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Figure 8. (a) Photograph of paired, tree-covered Beach ridges (arrows) 
flanking the levee system in Lovewell Pond. Each pair of ridges 
represents sediment that was deposited on the delta front and sub
sequently reworked, forming sand bars on either side of the natural 
levee. (b) Photograph of Lobster Lake delta. Note abandoned channel 
and levees. 

from the west side of the lake. Periodically, the spit is breached 
during large floods, but soon the channel is deflected again by 
spit accretion. This repetitive process has produced a delta 
surface that is dominated by a series of beach ridges separated 
by channel fill deposits. The morphology of the Lobster Lake 
delta is comparable to the Senegal River delta described by 
Wright and Coleman ( 1973). 

The shape of the Lovewell Pond delta is a product of both 
fluvial and lacustrine processes (Figs. 8a and 9b). The delta is 
e longate and has prograded far into the lake; its front is highly 
modified by wave attack. Sand transport by wave action has 
produced several paired beach ridges that flank the main channel. 
The Ebro River delta (Wright and Coleman, 1973) along the 
Spanish Mediterranean coast is probably the closest marine 
example of this type. 
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Delta Size 

The size of the exposed portions of lake-outlet deltas is 
related to a number of factors, the most significant of which 
appears to be lake depth. Other things being equal, shallow lakes 
have larger deltas than deep lakes, due to the smaller quantity of 
sediment necessary to cause progradation. This situation is 
exhibited well by the contrasting conditions of Androscoggin and 
Lobster Lakes (Figs. 4c and 8b ). Because Androscoggin Lake 
has a relatively shallow nearshore and is no more than 6 m deep, 
its delta has built approximately 3 km into the lake. The much 
deeper Lobster Lake, which reaches 24 m within I km of the lake 
shore, contains a delta that has caused only .5 km of shoreline 
progradation. However, this delta does appear to be thicker than 
shallow lake deltas and its subaqueous extent can be defined 
some 2 km offshore. Other factors which favor the formation of 
large deltas include large trunk stream drainage area, high fre
quency of floods, high sediment yield in trunk stream watershed, 
and favorable juncture angle between outlet stream and trunk 
stream. 

SUMMARY 

A large number of the lakes in Maine occur in areas underlain 
by plutonic rocks. Fewer lakes lie in regions of sedimentary and 
metasedimentary rocks. In all of Maine, rock weathering and 
faulting locally weakened the rocks and promoted the formation 
of lake basins by glacial excavation. Below the limit of marine 
submergence, many lake basins were briefly filled with sea water, 
while above this limit, many lakes were filled with glacial 
melt water. 

In fourteen lakes in Maine, deltas have been identified at 
what are normally the outlets to these lakes. Sedimentation at 
these deltas is related to flooding in trunk streams, which 
produces flood stages higher than the lake levels. Under these 
conditions, sediment is transported to the outlet delta. The shapes 
of these deltas is determined by the relative importance of 
riverine processes (sediment transport to the delta) versus 
Iacustrine processes (wave reworking and longshore transport of 
sediment). 
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ABSTRACT 

The chemistry of Maine lakes is highly variable, both on a regional and local scale. The chemistry of lake water 
depends on both natural and anthropogenic factors. Bedrock lithology is the most important controlling variable. 
The presence of only small amounts of free carbonate-bearing minerals results in relatively high values for pH, 
dissolved Ca+2

, and HC03'alkalinity. However, proportions of base cations (Ca+2
, Mg+2

, K+, Na+) may vary 
appreciably even within a terrain dominated by a single mapped lithic unit. Increasing soil thickness or decreasing 
soil particle size generally results in higher alkalinity, pH, and concentrations of base cations for drainage lakes. 
Seepage lakes have lower concentrations of base cations and typically are more acidic than drainage lakes. Dissolved 
organic matter from the decay of vegetation contributes to the acidity of all lakes, but is particularly important in 
lakes with short water residence times. Marine aerosols significantly affect the chemistry of all lakes within about 
50 km of the coast, resulting in elevated Na+, Mg +2

, and er concentrations. Acidic precipitation and dr~ deposition 
of acidic aerosols affects all lakes in differing ways including (1) increasin~ base cations - especially Ca+ and Mg +i, 

(2) decreasing alkalinity and pH, (3) increasing Al, and ( 4) increasing S04" . Lakes are affected by acidic deposition 
in the order high elevation lakes > lowland seepage lakes > lowland drainage lakes. The impact of non-agricultural 
watershed activities on water quality are poorly known except for road salting which has increased the concentration 
of Na+ and Cr appreciably in many lakes. 

INTRODUCTION 

An estimated 6,000 lakes in Maine are larger than I acre 
(Maine Department of Environmental Protection, 1986). The 
chemistries of these lakes are determined largely by various 
geologic, geochemical, geohydrologic, and anthropogenic fac
tors which interact in complex manners. Many of the controls 
on chemistry can be studied in isolation by stratifying lakes with 
respect to many of these processes, making significant interpreta-

tion possible. This paper focuses on the statistical charac
terization of Maine lakes in terms of standard limnological 
parameters and chemistry and then describes several of the major 
controls on the chemistry of the lakes. 

Several studies of lake waters in Maine have been conducted 
to elucidate pollution problems, faci litate fisheries management, 
and most recently to understand the effects, real and potential, of 
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acidic precipitation (see e.g. Haines and Akielaszek, 1983). The 
results are generally not representative of the entire population 
of lakes in Maine. The studies do, however, enable researchers 
to focus on and answer specific questions that ordinarily could 
not be addressed by a broad survey. We do not discuss here the 
chemical perturbations caused by the activities of man within 
individual lake basins such as forestry practices and cultural 
eutrophication. Also, we do not deal with the nutrient status of 
lakes. Both of these topics have been discussed extensively in 
other studies (see e.g., Davis eta!., 1978; Cowing and Scott, 1975, 
1976, 1977). Trace metals in lake waters have also been studied 
for a variety of reasons (see Norton et al., 1981; Turekian and 
Kleinkopf, 1958), but we do not deal with them in this paper. 
Instead, we concentrate on the constituents that typically com
prise more than 95% of the dissolved cations and anions in Maine 
surface waters and focus on processes modifying these 

. + +2 +:l + + parameters. These are: cations: H , Ca , Mf , Na , K , 
Al(OH)n+3-n; anions: HC03-, er, N03-, S04- , and organic 
anions. 

LAKE ORIGIN 

Although many lakes in Maine are regulated at their outlet, 
there are few artificial lakes. The abundance of natural lakes is 
attributable to the activity of ice and periglacial processes during 
the Quaternary. Most of Maine's lakes are in bedrock depres
sions developed by glacial activity. Lakes located in the folded 
and faulted metasedimentary terrain typically have their long 
dimension parallel to the regional strike (Davis et al. , 1978). 
Lakes situated in igneous terrain (primarily granites) tend to have 
their long dimensions oriented parallel to the predominant ice
movement direction, generally northwest-southeast. Soil 
precursors range from various types of till and stratified material, 
to marine clays, depending on the location within the state 
(Thompson and Borns, 1985). About 5 percent of the lakes lie 
in stratified glacial material, including eskers, kames, outwash, 

and deltas. These are commonly seepage lakes, i.e. without 
permanent inlets or outlets. 

CONTROLS ON LAKE CHEMISTRY 

There are a number of important controls on the major 
dissolved constituents in surface waters in Maine (Table 1). In 
most cases these processes are not totally independent from each 
other, either spatially or mechanistically. For example, the in
fluence of marine salts generally occurs spatially in the same 
approximate area as does the influence of marine clays (the 
Presumpscot Formation) on development of soi ls and hydrology. 
The contributions of these various factors to the chemistry of 
Maine lakes are discussed below. 

Bedrock Lithology 

Most soils in Maine are formed on till and thus generally 
have mineralogy closely resembling the underlying bedrock. 
Consequently, bedrock lithology is generally the most reliable 
guide in predicting the major ion chemistry of surface waters in 
Maine. In some areas underlain by the Presumpscot Formation 
or glacial-fluvial deposits, soil materials may be very different 
in composition from the underlying bedrock. In this section, we 
consider mineral weathering reactions; in later sections specific 
soil chemical processes will be discussed. 

Unpolluted precipitation is normally mildly acidic (Table 2). 
Additional C02 (as carbonic acid) and organic acids are added 
to precipitation in the soil profile. Thus the soil solution pH may 
be depressed below 4.0. Acidic precipitation in Maine adds to 
the total acidity of the soil solution. These solutions interact with 
soil and bedrock in two important ways: ion-exchange and 
chemical weathering. Over long periods of time, chemical 
weathering is the rate-limiting process which determines the 
chemistry of water leaving the soil. Short term chemical varia
tions lasting hours to days are more closely related to ion-ex
change reactions. 

TABLE I. MAJOR CONTROLS ON LAKE WATER CHEMISTRY IN MAINE, EXCLUDING CULTURAL EUTROPHICATION. 

Sea Atmospheric Watershed 
Geology Salts Pollution Soils Hydrology Vegetation Activities 

pH (H+) v v v v v v 
Ca v v v v v 
Mg v v v v v 
Na v v v v v 
K v v v v 
Al v v v v 
HCO:i v v v v v v 
Cl v v 
S04 v v v v 
Organic anions v v v v 
F v v 
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Influences on lake water chemistry in Maine 

TABLE 2. APPROXIMATE MEAN PRECIPITATION CHEMISTRY FOR MAINE IN 1984 BASED ON NADP DATA (1986) AND ESTIMATED 
BACKGROUND CHEMISTRY (GALLOWAY ET AL., 1982; BRAKKE ET AL., 1989). EXCEPT FOR PH, VALUES ARE µeq/I. 

pH H+ Na+ K+ ca+2 Mg+2 

1984 4.5-4.6 25-30 5-50 <I 2-6 3- 12 
1774 5-6 1- 10 5-50 <I 2-5 3- 12 

The reactions of soil minerals with acidic solutions are the 
chief factors ameliorating the effects of acidic soil solutions. 
Three equations demonstrate the range of chemical weathering 
reactions: 

( 1) Si02 + 2H20 = H4Si04 
(quartz+ water = aqueous silicic acid) 

(2) 2KAISi30s + 2H2C03 + 9H20 = 
(orthoclase + acid +water = 

AlzSi205(0H)4 + 2K+ + 4H4Si04 + 2HC03-
kaolinite +aqueous K +aqueous silicic acid+ bicarbonate) 
(3) (Ca,Mg)C03 + H+ = (Ca+2,Mg+2) + HC03-
( calcite + acid = aqueous ions + bicarbonate) 

Reaction (I) neither produces nor consumes acidity during 
chemical weathering. Reactions similar to (2), typical of 
aluminosilicate mineral weathering, consume acid and produce 
bicarbonate alkalinity (HCOfl, release base cations (Ca +2, 

+2 + + . Mg , K , and Na ) to solut1on, and produce clay. The extent of 
this reaction depends largely on the time of reaction in the soil. 
The equilibrium pH for many such silicate reactions is over 8. 
Generally, however, the residence times for water in soils are less 
than is required for equilibrium to be achieved. The third reaction 
also has an equilibrium pH greater than 8, but the kinetics are 
rapid in contrast to reaction (2). Consequently, terrain with 
bedrock or soils containing free carbonate minerals such as 
calcite or dolomite, as in some of the stratigraphic members of 
the Seboomook Formation in northern Maine (see below), may 
have waters with pH over 8 and high concentrations of Ca +2 and 
Mg +2. Thus, due to the kinetics of these weathering reactions, 
igneous rock terrain typically yields waters influent to lakes with 
lower pH and lower concentrations of base cations than does a 
terrain underlain by heterogeneous sedimentary and 
metasedimentary rocks. 

Precipitation Chemistry 

Acidic Deposition. The composition of wet precipitation 
and dry deposition is also a major influence on surface water 
chemistry. The approximate composition of wet deposition in 
Maine is being well characterized by a system of collectors 
located at Greenville (Fernandez et al., 1986), North Bridgton, 
Mount Desert Island, Presque Isle, and Caribou as part of the 

Hco, - Na+ 
NH4+ Alk. er S04- N03-2 c:i-

10 -30 4-58 26-33 12-14 0.86 
< I <5 4-58 < 1-6 <2 0.86 

national network (NADP, 1986). Typical precipitation chemistry 
is given in Table 2; H+, S04-2, and N03- are the dominant ions. 

Sulfate is the dominant anion in many surface waters in 
Maine. The most important source for S04-2 is atmospheric 
deposition. Sulfate derived from oxidation of sulfide minerals 
in the bedrock or soils is relatively unimportant by comparison 
except in a few scattered locales. Because of the acidity of 
modem precipitation, the pH and alkalinity of lake waters are 
also partly determined by wet and dry deposition of acidic or 
acidifying substances from the atmosphere. 

The measured wet component of atmospheric deposition 
does not include deposited gaseous components, dry fall of 
particulates, or wet deposition of material which would not 
produce measurable precipitation in a collector. There are no 
regional measurements of dry deposition in Maine, and thus their 
contribution can only be estimated. Dry deposition of gases 
(principally S02 and NOx) and passive interception of fog and 
cloud moisture may contribute from nearly zero to as much as 50 
percent of the total acid anions delivered to Maine lakes (Norton 
et al., I 988a). This level of input is suggested by a comparison 
of atmospheric deposition rates of conservative elements (e.g. 
Cl, and to a lesser extent S) and their concentrations in lakes and 
streams. Areas with rough topography and non-deciduous forest 
stands receive the most dry deposition. Lake surfaces directly 
receive the least. 

Prior to pollution of the atmosphere, the major difference 
between modem and pre-pollution precipitation chemistrt 
would have been the comparatively low concentrations of S04- , 
N03-, NH4 +, and H+ (Table 2). Maine soils and ecosystems are 
presently N-limited. This is indicated by the observation that 
little N is transported to ground water or surface water except 
during periods of high flow. The N03- is metabolized and stored 
in organic matter and the H+ is neutralized by the reduction of 
N03-. If Maine systems were to become saturated with N03-, as 
they appear to be in some forested areas of eastern and western 
Europe and southern Norway (see e.g. Henriksen, 1987), N03-
in precipitation would then have an acidifying influence similar 
to that of S04-2. 

Sea Salts. Aerosols derived from the ocean are an important 
constituent of wet precipitation and comprise a large fraction of 
the dry deposition near the coast. The Na +:er equivalent ratio 
in precipitation near the coast is close to 0.86 (NADP, 1986), the 
value in sea water. On this basis, it is assumed that sea salts in 
precipitation are present in essentially the same proportion as 
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they are in sea water. If there are no other sources of er to surface 
waters, it is possible to "correct" a lake water chemical analysis 
for those constituents derived from sea salt deposition. The sea 
salt contribution to the other constituents is subtracted in their 
proper proportions to er in seawater. The residual values are 
termed "excess" or "non-marine" (designated * in the text and 
tables) and with the exception of sulfate, are largely derived from 
chemical weathering in the drainage basin. 

A consequence of the deposition of marine salts either in dry 
or wet deposition is the existence of a "sea salt effect" (Wiklander, 
1975) in soils (Kahl et al., 1985; Norton et al., l 987b; Wright et 
al., 1988). This process involves the ion exchange of Na+ and 
Mg +2 for Ca +2 and H+ in soils with a subsequent lowering of 
alkal inity and pH in the runoff (Equation 4). If pH declines below 
5, Al may be exchanged from the soil or mobilized from stream 
substrates as well (Norton et al., l 987a). This phenomenon may 
episodically influence the pH of small lakes and streams, and 
certainly the Na:CI ratio in streams and lakes near the ocean. 

Soils 

Most runoff water is routed through near-surface soils. 
Therefore, reactions in soil normally have the greatest direct 
influence on the chemistry of surface waters. Consequently, the 
chemical reactivity of soil (especially cation exchange proper
ties) and hydrologic characteristics of flow through watersheds 
are controlling factors in determining the temporal chemistry of 
lake water. Short term variations in soil water chemistry are 
controlled by cation exchange reactions, principally involving 
adsorption and desorption of the four major base cations, 
aluminum, and hydrogen cations coupled with an anion. Reac
tion 4 schematically depicts the ion exchange of~ for the cations 
adsorbed on a soil particle, with the exchanging cations listed in 
order of decreasing abundance for a typical acidic soil. 

4) H+ + [Al+3, H+, Ca+2, Mg+2, K+, Na+] -Organic particle 
= [Al+3, H+, Ca+2, Mg+2, K+, Na+]+ H+ -Organic particle 

Coarse, well-drained soils typically yield lower alkalinity 
waters and a chemistry which is temporally stable. Poorly 
drained soils, commonly saturated, yield water with greater 
chemical variation. At low flow, pH and the concentration of 
dissolved solids tend to be higher. At high flow, water may 
bypass the soil column entirely, resulting in lower pH and low 
concentrations of dissolved solids due to dilution. The short term 
variations in the water chemistry of streams due to these soil and 
hydrologic factors may significantly alter the chemistry of lakes 
with short retention times. 

Hydrology 

Hydrologically, Maine lakes range from the extreme case of 
perched lakes where the lake acts as a precipitation collector and 
recharges ground water, to drainage lakes where most of the water 
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leaving the lake by surface flow entered as streams, ground water, 
or direct surface runoff. For perched lakes, interactions between 
soils and precipitation are minimal, and the lake chemistry is 
dominated by precipitation. Most lakes in Maine are drainage 
lakes. Lakes with long water residence times are less subject to 
short term variations in water quality. Shallower lakes with large 
watersheds can have significant episodic variations in chemistry 
associated with runoff from snow melt and rainstorms. 

Vegetation 

In undisturbed watersheds, vegetation exerts four major 
influences on the chemistry of lakes. First, seasonal variations 
in the uptake and release of limiting nutrients, particularly Ca 
and K, are reflected in oscillations of the concentration of Ca +2 

and K+ in streams and small lakes (Likens et al., 1977). Uptake 
of N03- and NH4 +by terrestrial vegetation and phytoplankton in 
lakes typically maintains dissolved Nat very low concentrations 
during the growing season. Second, the canopy of a forest acts 
as a filter, capturing dry deposited gases such as SOx and NOx, 
and particulates such as marine aerosols, thereby increasing the 
load of constituents to a watershed (Harriman and Morrison, 
1982). This effect has been shown to be important in Maine 
(Norton et al., 1988a). Third, terrain with bog vegetation may 
yield surface waters which have been depleted of cations by ion 
exchange of base cations for hydrogen ions. Sphagnum is well 
known for the ability to acidify water through ion-exchange 
(Clymo, 1984). Lastly, the release of dissolved organic carbon, 
either from living biomass or from the decay of dead plant matter, 
results in the formation of compounds with carboxylic groups. 
These dissociate to form acid anions, thus partly controlling the 
acid-base status of lake waters (Cronan and Aiken, 1985). This 
process also adds color to the water and provides organic ligands 
for the complexation of metals. 

Watershed Activities 

Several activities are sufficiently common in Maine to affect 
the chemistry of numerous lakes. They include agriculture, 
cultural development, forestry practices, and road salting. The 
first two activities have been studied and are reported on by 
Cowing and Scott (1975, 1976, 1977) and Davis et al. (1978). 
We do not discuss these processes here because we focus on lakes 
largely unaffected by these processes. 

There are no published studies on the effects of forest cutting 
on stream chemistry in Maine; however, land scarification is 
known to cause an increase in downstream water temperature, 
increased run-off, short term elevated export of detritus of various 
types, and a general increase in the concentration of many 
dissolved constituents (Likens et al., l 977). The loss of the forest 
canopy also decreases the capacity of the trees to capture dry 
deposition, decreasing the input budget for nitrogen, sulfur, and 
marine aerosols (Harriman and Morrison, 1982). 
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Figure I. Sub-regions and alkalinity map classes for the Eastern Lake Survey, nonheastern region (from Linthurst ct al., 1986). 

Road salting results in a significant addition of NaCl to lakes 
and streams downstream from roadways in Maine. Chemical 
outliers are evident in synoptic data sets because of the general 
relationship between inland distance and er concentration of 
lake waters (Mairs, 1967). Consequently, w~an inland lake 
has abnormally high er, it can be identified as pOftuted by road 
salt , and removed from consideration in the data set. However, 
near the coast where natural salt loading is higher, the chemical 
signal from road salting may not be identified as such and 
consequently the resulting sea salt corrections to the chemistry 
of a lake may yield inaccurate results. Although there are no data 
that we know of to demonstrate impacts in Maine, excess salt in 
stream or lake water which then passes through wetlands could 
generate a salt effect and acidify the water. 

MAINE LAKE CHEMISTRY 

EPA Eastern Lake Survey 

Considerable concern has been expressed about the effects 
of acidic precipitation on lakes in the northeastern part of the 
United States. The U.S. Environmental Protection Agency has 
been charged with the assessment of the extent of damage to lakes 
and the resource at risk. The Eastern Lake Survey (ELS; Lin
thurst et al., 1986) was designed to determine the number and 
distribution of acidic and low alkaJinity lakes in the eastern U.S. 
The survey design split Maine into two subregions (IE and JC 
on Fig. I). As part of the ELS, 225 lakes in Maine out of an 
estimated target population of 1,966 lakes with an area greater 
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Figure 2. Distribution of lakes sampled in Maine (Regions IC and IE) 
for the Eastern Lake Survey, the ALPS (aquifer lakes) survey, and the 
HELM (high elevation lakes) survey. 

than 4 ha were sampled during the fall of 1984 (Fig. 2). Lakes 
were selected as a systematic random sample from the population 
of all lakes identified on 1 :250,000 scale U.S. Geological Survey 
maps. The formulation of sub-populations, and methods of 
sampling and analysis are found in Linthurst et al. ( 1986). A 
description of results for the northeast U.S. region (Fig. 1) is given 
in Brakke et al. ( 1988). Our analysis of the data has developed 
population estimates based on all Maine lakes surveyed. Smaller 
lakes were not included because many are not shown on the small 
scale maps and it was not possible to develop a uniform selection 
strategy for small lakes in different areas. These small lakes are 
an important resource in some areas. They are discussed 
separately in this paper. 

Physical Characteristics of the ELS Lakes. The physical 
characteristics of the lakes sampled are summarized in Figure 3 
and Table 3. Many of the lakes sampled were small , with 20% 
less than 8.2 ha. Most were lowland lakes; only 11 .5% were 
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Figure 3. Cumulative frequency distribution of elevation (m), site depth 
(at the point of water sampling)(m), ratio of the watershed area to lake 
area, and lake area (ha) for Eastern Lake Survey lakes in Maine. 

TABLE 3. PHYSICAL CHARACTERISTICS OF ELS LAKES IN 
MAINE. 20TH PERCENTILE (Q1). MEDIAN, AND 80TH PERCEN

TILE (Q4) ARE GIVEN. 

Parameter Q i M Q4 

Lake Area (ha) 8.2 23.7 124.t 
Depth at sampling site (m) 1.8 4.9 10.6 
Elevation (m) 8 1 170 363 
Watershed area (ha) 11 1 428 2594 
Watershed area/Lake area 6.8 15.1 39.9 
Flushing Time (y) 0.05 0.23 0.75 

above 400 m in elevation. A total of 41 lakes (2.1 % ) were 
estimated to occur above 600 m. This estimate compares well to 
the 42 lakes at least 4 ha in area and higher in elevation than 600 
m identified by the High Elevation Lake Monitoring (HELM) 
project (Kahl and Scott, 1987). Most of the ELS lakes had 
watershed area:lake area ratios less than 20, with 12.9% having 
ratios less than 5. Over 90% of the lakes are drainage lakes, 
having an outlet. Assuming that precipitation averages 1 m in 
the north to 1.4 m along the coast and a 40% evapotranspiration 
rate, and knowing that the average watershed area:lake area is 
about 15 and the mean depth is 5 m, the residence time of water 
in most lakes in Maine is on the order of months to a few years. 

Chemical ELS Data. Cumulative frequency diagrams of 
chemical components for the lakes sampled in Maine by ELS are 
presented in Figures 4 to 8. Table 4 gives the 20th percentile 
(Q1). median, and 80th percentile values for selected chemical 
parameters in the target population of lakes. 



Influences on lake water chemistry in Maine 

Min: -45.60 01 : 73.53 02: 112.22 03: 170.36 04: 293.59 Max: 1540.90 
---ANC---

· 1 00 0 100 200 300 400 500 600 700 800 900 1 000 
1 .01-~~-~-~-~-==~===;;=""'==-~ 

0.8 

0.6 

0.4 

0.2 

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 
···············pH·················· 

Min : 4.32 0 1: 6.53 02: 6.80 03: 6.99 04: 7.28 Max: 8.36 

Figure 4. Cumulative frequency distribution of pH and acid neutralizing 
capacity (ANC) for Eastern Lake Survey lakes in Maine. ANC in µeq/I. 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
0 

.. ,,..,=--.....:..-::=:.:::==.. •. --·- ··--·-··- ··- ··-
./-:.r-··-·· 

tr' 
; 1f 

.. I : 
/ r ! 

I I i 
I I i 
I I j 
: I ! 
/ I ! 
i I 
i . / 

- ·· -CL- ··-

······S04··-··· 

--/1\--

50 1 00 150 200 250 300 350 400 450 500 
Anion 
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and HC03 anions for Eastern Lake Survey lakes in Maine. Data in 
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Figure 6. Cumulative frequency distribution of Ca, Mg, Na, and K for 
Eastern Lake Survey lakes lakes in Maine. Data in µeq/I. 
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Figure 8. Cumulative frequency distribution of dissolved organic carb
on (DOC) for Eastern Lake Survey lakes in Maine. Data in mg/I. 

TABLE 4. FIRST QUINTILE, MEDIAN. AND FOURTH QUINTILE 
VALUES FOR CHEMICAL PARAMETERS FOR ELS LAKES IN 

MAINE. 

Qi Med Q4 to Convert µeq/I to 
mg/1, multi ply by 

pH 6.53 6.89 7.28 
Ca µeq/I 88.5 142.6 270.8 0.020 
Mg 35.4 53.8 91.3 0.012 
Na 37.5 59.4 103.3 0.023 
K 6.4 8.9 12.8 0.039 
EAi µg/1 28.0 59.4 106.3 
Ionic Al 3.2 9.3 17.4 
Alk1 µeq/I 69 129 235 0.06 1 
S04-2 59.7 76.5 90. 1 0.048 
Cl- 10.2 26.0 79.3 O.D35 
F- 1.2 1.6 3.1 0.0 19 
N03- 0.0 0.2 0.8 0.062 
NH4+ 0.8 1.3 2.0 0.0 18 
Si02 mg/I 0.9 2.0 3.4 
DOC 3.0 5.2 8.2 

1 Alk = HC03- · H+ 
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There are environmental gradients in Maine caused by 
bedrock lithology, deposition of marine aerosols, soil types, 
climate, and sulfate deposition. Consequently, one can not derive 
an "average" lake composition for Maine by assuming median 
values for all the chemical parameters. However, the figures are 
useful for evaluating the range of values present in Maine lakes 
and the distribution of lakes within these ranges. As a group, 
Maine lakes are relatively low in dissolved solids, and have low 
alkalinity, pH, and specific conductance. Calcium is typically 
the dominant cation, while the dominant anion may be er, 
HC03-, or S04-2, depending on the original alkalinity, location 
within the state along the gradient of marine aerosols, and total 
anthropogenic sulfate deposition. The resultant chemistry of the 
population is dominated by chemical weathering, atmospheric 
deposition, production of organic acidity, and deposition of sea 
salts. 

pH. The long term average pH of a lake is determined by 
the balance between the release of strong base cations from 
chemical weathering of minerals and the concentrations of S04-2, 
er, NOf , HC03-, and organic anions. Because of the large 
capacity of soil to exchange cations, changes in precipitation 
chemistry (particularly pH) may not be reflected in proportional 
changes in runoff chemistry. 

Currently, S04-2 comes largely from atmospheric deposi
tion. In Maine, where present adsorption of S04-2 by soils is 
minimal (Rochelle and Church, 1987), S04-2 is a mobile anion, 
passing through the soil with little or no reaction with the soil 
material (Reuss and Johnson, I 98S). As S04-2 passes through 
the soil, it must be accompanied by a cation. If increases in 
chemical weathering or ion exchange processes can not fully 
compensate for the increased flux of S04-2 through the soil, the 
system will acidify, possibly mobilizing Al from the soils if the 
pH is less than about S. 

Chloride ions from marine aerosols are accompanied largely 
by the cations Na+ and Mg +2. In episodic salty precipitation 
events, Na+ and Mg +2 may exchange for Ca+2, H+, and Al+3 (if 
pH is sufficiently low), producing the strong acid HCI. Because 
nitrogen is a limiting nutrient in Maine ecosystems, most of the 
NH4 + and N03- is consumed biologically. However, during 
periods of high precipitation or during snow melt, N03- may not 
be assimilated by the system as rapidly as it is delivered; if not, 
then it passes through the system as an acidic anion. Both er 
and N03- generally play a small role in determining the present 
pH status of Maine lakes, but they may be important in influenc
ing the pH of individual lakes or streams over short periods (Kahl 
et al ., I 98S; Wright et al. , 1988). 

Bicarbonate (HeOfl is present in surface waters as a result 
of the dissociation of H2C03 and/or the weathering of carbonate 
minerals. The former is a product of H20 and eo2 equilibration 
with atmospheric and elevated ground water eo2 pressure, the 
latter caused by respiration in the soil. As acid is consumed by 
chemical reactions (equations 2, 3, and 4), pH rises and more 
H2e03 dissociates to yield HC03-. In regions without acidic 
precipitation, clear water lakes with dissolved organic carbon less 
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than about 2 mg/I, no sea salts, and no S04-2 from polluted 
precipitation, He03- is the only anion of significance. In this 
case, the concentration of He03- represents the amount of 
chemical weathering that occurred in the watershed. 

The ELS in Maine contained the smallest percentage of 
acidic lakes (pH less than S)of all states in the northeastern United 
States. Only 0.4% and 4.6% of the target population were 
inferred to have a pH less than S and 6, respectively (Fig. 4), 
although data from other University of Maine and Maine Depart
ment of Environmental Protection studies indicate that between 
I and 2% are acidic when all size classes are included. 

Alkalinity and Acid-Neutralizing Capacity. A definition of 
alkalinity is: 

(Sa) alkalinity = (He03)- (H+ + 3-nAl(OH)n3-n +other 
less abundant weak acid cations) 

where all concentrations are in moles. 
Above pH= S, charged Al is nearly zero and the relationship can 
be simplified to: 

(Sb) alkalinity= (He03- - H+) 

Below pH= S, He03- is essentially zero and 

(Sc) alkalinity= -(H+ + 3Al+3 + ... ) 

In a system with only He03- as an anion, and prior to any 
chemical weathering or ion exchange, alkalinity equals zero and 
is independent of C02 pressure in surface waters. The release of 
cations from the soil produces positive alkalinity in amounts 
equal to the cations released. If the alkalinity is less than the base 
cations released, other anions must be present for ion balance. If 
these other anions are weak acid anions, they will contribute to 
the total acid neutralizing capacity (ANC) of the solution. ANe 
must, therefore, be greater than or equal to alkalinity. Strong 
acids, fully dissociated at normal pH, decrease alkalinity and may 
even produce negative values. 

Weak acids are associated with dissolved organic matter, 
expressed as dissolved organic carbon (DOC). Organic anions, 
formed by the dissociation of dissolved organic material, con
tribute to the acidity status of natural waters in Maine. If the 
production of H+ from the formation of organic anions is not 
accompanied by an equivalent export of cations, the water is 
naturally acidic_ 

Figure 4 depicts the ANe relationships for Maine lakes. 
There were 10.2% of the lakes with alkalinity below SO µeq/l ; 
67% were below 200 µeq/l. Figures 4 and S and Tables S and 6 
show that ANe is less than the total anionic charge for Maine 
lakes, with er, S04-2, and organic anions responsible for the 
remainder. 

MajorCations. Most of the cations in Maine lake water (Fig. 
6) are derived from weatherin~ of the bedrock. The exception is 
Na+ and to a lesser extent Mg+ and Ca +2 in coastal lakes. Minor 
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amounts in all lakes are derived from sea spray and soil dust in 
precipitation. The contribution of marine aerosols to the cation 
content of lakes can be estimated from the concentration of er, 
assuming that cations are contributed in the same proportion as 
they are present in sea water. The corrected values for cations 
and anions (designated *) are called sea salt corrected (non
marine) and re~resent the concentrations derived from the water
shed and S04- derived from the watershed or atmosphere. The 
order of concentration of the cations in lakes is typically Ca +

2 

> Mg +2 > Na+>K+. For lakes in temperate regions in the northern 
hemisphere, Ca +2 and Mg +2 derived from chemical weathering 
typically comprise 70-90% of the total base cations (corrected 
for sea salts) in geologic terrain with no free carbonate minerals 
(Wright , 1983). Conse~uently, there is a strong relationship 
between the sum of (Ca+ +Mg +2) and alkalinity (compare Figs. 
5 and 6, Equation 3), except where organic acids and/or S04·

2 

play a major role in the ion balance. 
Ca and K are biologically important elements. Biological 

uptake of these elements in the drainage basin during the growing 
season, and release during leaf senescence may impart a seasonal 
oscillation to their concentrations. This is especially true in lakes 
with short flushing times. 

There are three major sources of Na+ for Maine lakes: ( 1) 
weathering of geologic materials, which typically yields Na+ 
concentrations that are lower than those of Ca +

2 
or Mg +

2 
(Fig. 6, 

Tables 5 and 6); (2) road salting, which adds primarily NaCl to 
the water (in extreme examples, Na+ from road salting exceeds 
the contribution from chemical weathering); and (3) marine 
aerosol inputs, which may dominate the chemistry of coastal 
lakes. Sodium may be the dominant cation in lakes within l 0-15 
km of the ocean (e.g. lakes l and 2 in Table 5). 

Aluminum. Dissolved Al has been implicated as one of the 
critical parameters controlling chronic and acute toxic effects to 
fish in acidic waters (Baker and Schofield, 1982). Al may be 
comRlexed with organic (DOC) or inorganic ligands (such as F, 
S04-2, and Off) or it may be present as Al+3

, depending on pH 
and the availability of complexing agents. The Al(OH)2 + and 
Al(OH)+2 species are believed to be the forms most toxic to fish. 

Virtually all the dissolved Al in lake waters is derived from 
geologic sources. Although Al is abundant in most rocks and 
soils, dissolved Al is present in relatively low concentrations 
because of the low solubility of Al-bearing phases in soil. Below 
pH 5, however, the solubility of Al phases increases. Figure 7 
depicts the total Al concentration (all forms) and the concentra
tion of charged Al species (extractable Al). Effects on fish may 
occur with extractable Al values as low as 50 µg/l. For the ELS 
Maine data, only 1 % of the lake population had values of 50 µg/l 
or more at the time of sampling. 

Anions. Virtually all the er in lake waters in Maine is 
derived from sea salts in precipitation, except where road salt 
drainage enters lakes. Consequently, there is a strong relation
ship between er concentration and distance to the coast (Norton 
et al. , l 988a). The geochemical inertness of er makes it suitable 
as a tracer for marine aerosol inputs. The concentration of er 

alloW"" s for est imation ofS04"2 inputs in precipitation from marine 
versi...s non-marine sources. 

W ith the exception of a few polluted systems, Maine lakes 
have S 0 4-2 concentrations between 40 and 110 µeq/l (Fig. 5). 
There a re several possible reasons for local variation. First, wet 
S0/2 deposition varies seasonally (NADP reports). Conse
quentl y , lakes with short water residence times will reflect more 
rece1"1 t. p recipitation events. Second, some lakes may have sulfate 
reduct.ion taking place either within the hypolimnion or at the 
sedirr:i.ent-water interface, although this effect appears to be 
minirnal on a regional basis (Norton et al. , l 988b). Third, the 
amount of dry deposition in contiguous drainages can differ 
signific antly because of lake hydrologic type, topographic relief, 
the asp ect of the land surface, and the type of vegetative cover. 
Seepag e lakes, which may in the extreme case have a watershed 
only as large as the lake itself (a perched seepage lake), receive 
very small contributions of dry deposition and typically have a 
S04-2 concentration 20 µeq/l less than neighboring lakes. Lakes 
3 to 7 o f Table 5 are all located within 4 km of each other and yet 
have S04*-2 concentrations ranging from 46 to 88 µeq/l. The 
low values are associated with small drainage basins which have 
little t opographic relief. 

"The fourth possible cause of local variation in S04-2 is 
sourc es of geologic sulfur within a drainage basin. A number of 
litholo g ic units in Maine (e.g. the Penobscot Formation) contain 
vario us sulfide minerals. When sulfide-bearing rocks are freshly 
exposed, oxidation of the sulfide minerals occurs, producing 
H2S0 4. Reactions are rapid, although typically the weathering 
rind formed causes a dimunition in the oxidation rate with time. 
Post glacial soils in Maine are sufficiently old ( 11 ,000 to 13,000 
years) that unoxidized sulfide minerals are relatively rare in well 
drained soils. The contribution of geologic S04-2 to lake waters 
is probably not easily detected, given the magnitude of the 
atmos pheric flux. In the entire ELS Maine data set, only the lake 
(Firs t Pond) downstream from the Black Hawk mine at Blue Hill 
appe ars to be affected by geologic S04·2. 

Regional and local variation in S04-2 in Maine lakes has 
been assessed by Norton et al. ( l 988a). Values for S04-2 in lakes 
in the western half of the state averaged about 10 µeq/l higher 
than the state median of 77 µeq/I, whereas lakes east oflongitude 
69 and south oflatitude 46 had S04-2 values about IO µeq/l below 
the state average. Lakes very close to the coast have elevated 
so~-2. ass.ociated with_ ~ea salts. _:mere is only minor ¥'atial 
var1a t10n m wet depos1t10n of S04 2. In 1984, the S04*- con
centration in wet deposition ranged from 33 µeq/1 at Bridgton to 
26 at Acadia National Park (NADP, 1986). This flux is supple
mented by locally and regionally variable dry deposition. The 
total atmospheric flux is then concentrated by evapotranspiration 
to yield lake S04"2 values which average nearly three times the 
wet precipitation values (Fig. 5). Variation in the regional 
averages is believed to relate primarily to variation in dry and 
occult deposition (Norton et al., I 988a). 

The extra S04*-2 in lake water is related to higher S04-2 

concentrations of modem precipitation over pre-industrial values 
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(Table 2). This increase implies that there is an excess of acid 
going through the system. This extra flux of anions through lakes 
may have been associated with elevated chemical weathering or 
ion exchange to release base cations, or an increased flux of H+ 
to the lake. 

Dissolved Organic Carbon (DOC). Figure 8 shows the 
distribution of DOC in the sampled ELS lakes in Maine. DOC 
is related to water color by the empirical relationship for region 
IE: 

6) DOC = 0.096(Pt-Co units)+ 2.46 (Linthurst et al., 1986) 

Thus lakes with higher DOC typically have perceptible 
brown color. There is also a general relationship between in
creased DOC and increased concentrations of organic anions, as 
calculated by ion balance difference. DOC concentrations are 
determined by the rate of production of DOC, dilution by rainfall , 
residence time of water in lakes (Brakke et al. I 987a,b ), and 
perhaps other factors. Thus there are regional and seasonal 
variations. For surface waters, each mg of DOC contributes 
about 5 µeq/l of dissolved organic anions to the solution. The 
contribution of DOC to anion concentrations and to color for 
lakes where DOC is less than 3 mg/l appears to be somewhat less 
than predicted by Equation 6, and by the empirical relationship 
of 5 µeq/l/mg DOC. 

CASE STUDIES 

We have selected a number of example lakes from the ELS 
data set to illustrate how the major processes discussed above 
influence lake chemistry. The lakes have been chosen on the 
basis of having few independent variables operating on them so 
as to isolate the effects of the specific processes. The chemistry 
of the lakes is not static and thus interpretation of a single data 
point in time must be done with some caution. Variations in 
meteorology, seasonality of processes, and intervention by man 
can cause variation in the chemistry of a lake, but most of the 
information on basic major ion chemistry can be gained from a 
single, well characterized sample. 

Acidity in Maine Lakes 

The term "acidic" refers to a current state of a lake and 
indicates nothing about how a lake became acidic. In contrast, 
"acidification" is a process resulting in a change of state. From 
the perspective of acidic precipitation, the concern is with rapid 
acidification (less than a I 00 year time-frame) related to the input 
of increased amounts of strong acid from the atmosphere due to 
acidic precipitation. Acidification may be manifested in a num
ber of ways, including a decrease in a lka linity, lowering of pH, 
increased desorption of cations and chemical weathering, 
mobilization of elements such as Al from terrestrial and aquatic 
parts of the ecosystem, and decreased DOC. Therefore, 
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acidification can, but does not necessarily, produce acidic lakes 
(pH less than 5 or ANC less than 0). 

We present an interpretation of two lakes, one acidic and one 
not, both of which appear to have lost some ANC (been acidified) 
(Fig. 9). Anderson and Mud Ponds are both located on the Tunk 
Mountain pluton near Cherryfield. The marine aerosol corrected 
values for the base cations (Table 5) are typical of many lakes 
situated on granite. 

The effect of the input of H1S0 4 in precipitation and dry fal 1 
can be assessed by considering the chemistry of the two lakes. 
The ion balances for the two ponds are shown in Fifure 9 (column 
A). Prior to acidic precipitation (Table 2), S04*- is assumed to 
have been largely absent from the lakes. Background pre-pollu
tion SQ4-2 has been estimated at about lO µeqll by Brakke et al. 
( 1989). Removing the excess S04-2 (i.e. S04*-2from the analysis 
necessitates that the charge balance be maintained by some 
combination of removal of cations or an increase in anions. There 
is no basis for substantially changing the organic acid content or 
er (from sea salt) content of the water over time. The simplest 
resolution of the charge problem is to replace the S04*-2 with 
HC03- (alkalinity)(colurnn B) on an equivalent basis. The cal
culated alkalinity (58 µ eq/l) then nearly equals the sea salt 
corrected base cations (69 µeq/l) and the pre-pollution pH of 
Anderson Pond can be calculated as about 7.0. This pH is a 
maximum estimated value and suggests the maximum amount 
of acidification that could have occurred. Using the methods of 
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TABLE 5. WATER CHEMISTRY OF SELECTED LAKES IN MAINE, LOCATED ON GRANITE. 

Lake ID Lake Name pH H+ Na Na* K K* Ca Ca* Mg Mg* 
µeq/I 

I IEI-101 Long Pond-Isle Au Haut 6.76 0.2 498 23 15.2 4 82.7 61 127 16 
2 IEI-079 Upper Hadlock Pond 6.93 0.1 211 57 7.2 6 92.8 85 40.7 5 
3 IEI-131 Anderson Pond 6.38 0.4 76.3 21 5.8 5 35.2 33 22.8 10 
4 IEI-132 Little Long Pond 6.08 0.8 91. I 21 7.2 6 40.2 37 27.1 II 
5 IEI-133 Tilden Pond 6.91 0.1 96.4 34 7.4 6 59.2 56 30.4 15 
6 IEl-134 Mud Pond 4.76 17.4 90.6 21 4.8 3 26.9 24 23.5 7 
7 IEl-135 Salmon Pond 7.00 0.1 90.0 28 7.4 6 66.4 63 31.4 16 
8 IEl-136 Spring River Lake 6.55 0.3 127 26 7.6 5 51.2 46 32.9 IO 
9 IEl-126 Fills Pond 6.75 0.2 69 23 8.6 7 79.6 78 27.9 19 
IO IEI-012 Hopkins Pond 6.95 0.1 62.1 27 7.8 7 83.6 82 31.8 23 
II IEI-058 Lower Sebago Lake 7.1 4 0.1 80.6 44 16.9 16 88.5 86 32.5 24 
12 IEl-020 Second Debsconeag Lake 7.15 0.1 52.4 40 13.5 13 138 137 32.7 29 
13 fEI-030 Lower Jo-Mary Lake 7.01 0.1 40.2 29 9.5 9 91.5 91 28.4 26 

Lake ID Lake Name Cl S04 S04* N03 HC03 DOC ANC F LCations* LCat*+Mg* 
mg/I µeq/I µeq/I LCations* 

I IEI-IOI Long Pond-Isle Au Haut 552 143 88 0.1 39.5 2.42 34 3.7 104 0.74 
2 IEl-079 Upper Hadlock Pond 179 95.5 77 0.4 56.2 3.07 51 3.9 153 0.59 
3 IEI-131 Anderson Pond 64 57.3 51 0.9 17.3 1.98 IO 1.3 69 0.62 
4 IEJ-132 Lillie Long Pond 81.6 78. I 70 0.1 8.5 1.39 6 1.9 75 0.64 
5 IEI-133 Tilden Pond 72.7 57.2 50 0.0 50.9 2.60 47 4.2 11 1 0.64 
6 IEl-134 Mud Pond 81.4 96.1 88 0.0 0.9 2.82 -19 1.5 55 0.56 
7 IEl-135 Salmon Pond 72.6 53.5 46 0.0 57.0 2.82 56 4.1 113 0.70 
8 !EI-1 36 Spring River Lake 117 73.9 62 0.0 28.5 1.69 20 3.5 87 0.65 
9 IEI-126 Fills Pond 46.4 92.6 88 0.5 36.9 1.77 30 21.2 127 0.76 
10 IEI-012 Hopkins Pond 41.2 71.1 67 0.0 58.4 2.83 52 9.0 139 0.76 
II IEl-058 Lower Sebago Lake 41.6 48.8 45 0.3 82.7 6.05 86 4.6 170 0.65 
12 IEI-020 Second Debsconeag Lake 14.l 83.0 82 0.3 113.2 2.27 118 20.9 219 0.76 
13 IEI-030 Lower Jo-Mary Lake 12.9 58.9 57 0.0 71.4 3.54 73 4.5 155 0.75 

Sea salt corrections: Na*= Na - 0.86 Cl; K * = K - 0.02 Cl; Ca* = Ca - 0.04 Cl; Mg* = Mg - 0.2 Cl; S04* = S04 - 0.1 Cl 

Wright (1983), a lower alkalinity and pH of about 6.8 are lakes in relation to the original buffering capacity and base cation 
calculated. supply of each system, and the ease with which acid was con-

Today Mud Pond (Fig. 9) has more S04-2, negative sumed by additional cation desorption and chemical weathering. 
alkalinity, lower pH, and higher dissolved Al than Anderson Lakes with high pH (Table 6) probably have lost little or no 
Pond. Following the Anderson Pond example, removal of the alkalinity, whereas lakes with lower original levels of ANC may 
excess S04·2 results in restoration of positive alkalinity, loss of have undergone declines in alkalinity and pH. 
all ionic aluminum and a calculated pre-pollution pH of about 
6.9. Mud Pond has become acidified because it receives about Lakes on Granites 
37 µeq S04-2/l more than Anderson and the rate of alkalinity 
production (as expressed by the watershed-originated base ca- Table 5 lists lake water chemistry for 13 lakes located on 
tions) is 13 µeq/l less. This leads to a net difference in acidity of granites in Maine, in increasing distance from the coast. Lake I 
the two systems of about 50 µeq/J, resulting in Mud Pond's lower is on Isle au Haut; lake 2 is on Mt. Desert Island; lakes 3 to 8 are 
pH and elevated H+. However, Henriksen (1982) suggests that in a cluster about 30 km from the coast; lakes 12 and 13 are over 
excess S04-2 in acidic precipitation results in increased chemical 250 km from the ocean. The influence of sea salts can be clearly 
mobilization of base cations, principally by increased cation seen as a function of distance from the coast, with er varying 
exchange of H+ for Ca +2 and Mg +2. Thus the pre-pollution pH from 552 µeq/l offshore to 13 µeq/J well inland. Lake 8 is 
and alkalinity would not have been as high for either lake influenced by road salt application in its watershed, elevating the 
(Henriksen, 1982). Davis et al. (in review) suggest that the pH NaCl slightly. This lake illustrates the problem of identification 
of Mud Pond was between 5.0 and 5.5 prior to the onset of acidic of the existence of salt pollution near the coast and also the errors 
precipitation. introduced by making inappropriate sea salt corrections based on 

All of the lakes in Maine have S04·2 concentrations elevated er concentration. 
above background (estimated at 10 µeq/ l non-marine) by acidic The S04·2 concentrations, after correction for sea salts, 
precipitation. The amount of acidification varies in individual range from 45 to 88 µeq/I. The source of the variation is largely 
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TABLE 6. WATER CHEMISTRY OF SELECTED LAKES ON THE SEBOOMOOK FORMATION, NORTHERN MAINE. 

Lake ID Lake Name pH H+ Na Na* K K* Ca Ca* Mg Mg* 
µeq/I 

I EIJ-006 Glazier Lake 8.05 0 62.7 32 8.5 8 657 656 86.7 80 
2 EIJ-007 Wheelock Lake 7.74 0 50.7 41 4.7 4 357 356 67.8 66 
3 E13-012 Denny Pond 7.82 0 51.2 42 15.0 15 406 406 57.0 55 
4 EI3-015 Round Pond 7.68 0 44.3 31 10.5 10 313 313 102 99 
5 El3-033 Roberts Pond 7.68 0 25.2 15 9.1 9 317 316 JOG 98 
6 EI3-055 Togue Pond 7.69 0 36.4 28 8.7 8 308 308 54.7 53 
7 El3-065 Clish Pond 7.58 0 36. 1 30 5.9 6 255 255 79.4 78 
8 EI3-070 McClean Lake 8.35 0 52.8 40 5.9 6 1177 1176 151 148 

Average 45 32 9 8 474 473 87 85 

Lake ID Lake Name Cl S04 S04* N03 HC03 DOC ANC F LCations* LCat*+Mg* 
mg/I µeq/I µeq/I LCations* 

I EI3-006 Glazier Lake 36.2 93.6 90 6.5 561 6.12 629 1.4 776 0.95 
2 EI3-007 Wheelock Lake 9.2 65.3 64 0.2 365 3.23 396 1.4 467 0.90 
3 EI3-012 Denny Pond 10.5 112 Ill 0.0 374 2.55 411 5.2 518 0.89 
4 El3-015 Round Pond 14.8 92.0 91 3.3 267 7.1 7 312 1.2 453 0.91 
5 EIJ-033 Roberts Pond 12.1 77.3 76 4.2 282 8.19 317 1.0 438 0.95 
6 EIJ-055 Togue Pond 9.2 90.3 89 0.0 277 2.92 300 1.6 397 0.91 
7 Ei3-065 Clish Pond 6.9 86.4 86 0.1 229 5.23 252 I .4 369 0.90 
8 EIJ-070 McClean Lake 15.4 88.9 87 2.3 1166 2.72 1297 1.0 1370 0.97 

Average 14 88 87 2 440 4.8 489 1.8 599 0.92 

Sea salt corrections: Na*= Na - 0.86 Cl; K* = K - 0.02 Cl; Ca*= Ca - 0.04 Cl; Mg*= Mg - 0.2 Cl; S04* = S04 - 0.1 Cl 

due to vanatlon in dry deposition caused by differences in 
watershed vegetation and topography (Norton et al., l988a). 
These values, after subtracting an estimated background S04-2 

of l 0 µeq/l, are equal to the maximum estimates of acidification 
for these lakes due to S04-2. The ELS S04-2 median for the state 
is 77 µeq/l. 

The values for Na*+, K*+, Ca*+2, and Mg*+2 are similar and 
are low, typical of the weathering properties of granites in 
general. The S04 *-2 exceeds the sum of sea salt corrected cations 
in only Mud Pond, which is thus acidic and acidified. Corrected 
for sea salt content, these lake chemistries are at or below the 1st 
quintile for Maine lakes (Table 4) in terms of indicated rates of 
chemical weathering. In Lake 11 there is a significant anion 
deficit and a high DOC, suggesting that organic anions are 
significant contributors to the total chemistry of this lake. 

Lakes on the Seboomook Formation 

In ~ontrast to lakes on granites, lakes located in lithologies 
with carbonate such as the Seboomook Formation, a limy 
metasedimentary unit in northern Maine, have high concentra
tions of Ca*+2, Mg*+2, and associated HC03- alkalinity (Table 
6). The concentration of Ca +2 is close to saturation with respect 
to calcite for the pH. Therefore, the pH is dominated by reaction 
3. Concentrations of Na*+ and K*+ for lakes located on the 
Seboomook Formation are not substantially different from values 
for the lakes on granite. The rate of chemical weathering indi-
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cated by the water chemistry of lakes from Seboomook terrain is 
in the fifth quintile (Table 4), approximately four times that of 
granites from the state. 

Chloride concentrations are at background values for the 
state, with the exception of Glazier Lake (#1) which is 
anomalously high, suggesting contamination by NaCL The 
S04-2 values are relatively uniform and higher than the state 
average of 77 by about 10 µeq/1, but not substantially higher than 
the regional value forthat part of the state. Geologic sources may 
be contributing S04-2 from minor amounts present in solid 
solution in calcite as well as small amounts of sulfide in the 
bedrock and soils associated with some facies of the Seboomook 
Formation. 

Whereas most of the waters on granite had low DOC, lake 
waters from Seboomook Formation terrain have higher DOC 
values, ranging from 2.55 to 8.19 mg/l. This higher DOC is a 
function of the hydrologic setting of these lakes, rather than the 
bedrock. There is a general relationship between DOC and the 
anion deficit for all the lake analyses except Lake 8. There the 
DOC and water color are both low, and the large anion deficit 
may be caused by an underestimation of HC03-. 

Darkwater Lakes 

Darkwater lakes are defined in the ELS as having color 
greater than 30 Pt-Co units (Linthurst et al., 1986). Maine 
contained the highest percentage of darkwater lakes sampled by 
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the ELS in the northeast. About half of the lakes had true color 
greater than 30 Pt-Co units. Color in most of the lakes was 
between 20 and 50. Only 3.4% had DOC less than 2 mg/I whereas 
40.9% had DOC greater than 6 mg/I. Darkwater lakes in Maine 
are smaller and shallower than clearwater lakes and they have 
larger watersheds. Concentrations of DOC decrease as a func
tion of increasing hydraulic residence time (Brakke et al., I 987a), 
suggesting that metabolism of DOC occurs in the Jake. However, 
soil- and ground water flowpaths and residence times, and 
vegetation cover are probably also important factors. This 
relationship is c:-immonly observed in calibrated lake studies. 
The association of organic anions with DOC, and the observation 
that the acid neutralizing capacity of lakes is related to color, 
suggests that at least some of the DOC is in the form of weak 
acids. 

High Elevation Lakes 

Western Maine contains most of the state's high elevation 
lakes. Many of these lakes are small (less than 4 ha) and 
consequently not represented in the ELS sample. The High 
Elevation Lakes in Maine (HELM) project was initiated in 1986. 
The project identified 90 lakes which were above 600 m, had an 
area greater than I ha, and were deeper than I m (Fig. 2). These 
lakes were sampled I to 3 times in 1986. Methods o~ sampling 
and analysis are detailed in Kahl (1987) and discussed by Kahl 
and Scott ( 1987), and were nearly identical to the ELS protocol. 
Most of the HELM lakes lie within ELS region IC (Fig. I). 
Although the two surveys were conducted two years apart, 
comparison is useful in order to evaluate the influence of the 
different environmental variables identified above. Four lakes 
sampled by ELS in 1984 and by HELM in 1986 had nearly 
identical chemistry in both years. 

The HELM lakes are more acidic (Fig. I 0), have lower ANC 
(Fig. 11 ), lower Ca*+2 and Mg*+2 and er (Table 7), and higher 
S04*-2 (Fig. 12) than the ELS lakes. HELM lakes, as a group, 
are located on non-calcareous geologic substrates, probably have 
thinner acidic soils with lower base saturation, and perhaps 
shorter water residence times, all of which render them more 
sensitive to acidic inputs. The median S04-2 in HELM lakes is 
3 times the S04-2 in precipitation. The higher concentrations are 
probably caused by higher loading rates associated with cloud 
and fog interception, as observed in other mountainous areas in 
the northeast (Lovett et al. , 1982). The combination of high 
sensitivity to acidification and higher S04-2 Joading results in the 
lakes being more acidic, with a larger proportion of acidic lakes. 
In 1986, 5% of the HELM lakes had a pH less than 5, 13% had 
ANC less than 0, and 70% had S04-2 greater than 80 µeq/ I. The 
corresponding figures for ELS lakes are 0.6%, 0.6%, and 40%, 
respectively. Studies of the biological and chemical evidence 
from sediment cores from several of these high elevation lakes 
has suggested that they have become acidified over the last I 00 
years, probably because of atmospheric deposition of S04-2 

(Davis et al., 1983; Charles and Norton, 1986). 
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Figure I 0. Air-equilibrated pH distribution for ELS, HELM, and ALPS 
lakes in Maine. 
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Figure 11 . Gran plot ANC distribution for ELS, HELM, and ALPS 
lakes in Maine. ANC in µeq/ I. 

Aquifer Lakes 

A seepage lake was defined for the ELS as having no surface 
inlet or outlet. However, many lakes located in stratified sand 
and gravel deposits (kames, eskers, and deltas) have outlets, and 
were thus classified as drainage lakes by ELS regardless of the 
source of their hydrologic and chemical inputs, which are 
seepage in nature. We define the Maine population of aquifer 
lakes as those with no inlets, and thus limit them to lakes receiving 
inputs only from seepage and from the atmosphere. Most of the 
aquifer lakes are small and thus under-represented in the ELS 
population. We have identified approximately 120 such lakes 
with areas greater than 0.4 ha and depths of at least I m. 
Eighty-nine lakes were sampled in the fall of 1986 (Aquifer Lake 
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TABLE 7. COMPARATIVE CHEMISTRY FOR SAMPLED ELS, HELM, AND SEEPAGE (AQUIFER) LAKES fN MAINE. 

Mean Median Mean Median Mean Median Mean Median Median Median 
air air Sum of 

n N pH pH ANC ANC S04* S04* S04 S04 Cl Ca*+Mg*+Na*+K* 

HELM 91 91 5.73 6.71 82 48 84 85 85 86 IO 155 
Aquifer 128 140 5.15 6.53 136 40 44 38 53 46 48 84 
ELS 225 1966 6.47 7.26 186 129 71 70 76 76 27 226 

N = the estimated total population: n =the number of sampled lakes; Values in µeq/l except pH. *=corrected for marine aerosol content. 
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Figure 12. Sulfate distribution for ELS, HELM, and ALPS lakes in 
Maine. Sulfate in µeq/I. 

Project; Fig. 2). Collection and analytical methods were the same 
as for HELM. 

As a group, these lakes lie at lower elevations than the ELS 
lakes, ranging from 50 to 200m, and their geographic distribution 
is biased toward the coastal half of the state (Fig. 2). This 
distribution imparts a regional bias to such environmental 
parameters as dry deposition of marine aerosols. Additionally, 
the like lihood of disturbance of the watersheds, including 
deforestation, construction, or agriculture, is increased because 
of higher development in this part of the state. Watersheds of 
several aquifer lakes conta ined domestic blueberry fields. 

Of the three groups of lakes for which data are shown in 
Figures I 0 to 12, seepage or aquifer lakes are the most acidic, 
have the lowest ANC, Ca*+2, Mg*+2, DOC, and S04*-2 con
centrations and, in spite of the low pH, also have low dissolved 
Al due to the relative lack of contact between acidic waters and 
watershed soils. Thirteen percent of the aquifer lakes had pH 
values below 5, 26% had ANC less than 0, and only 10% had 
S04 "2 concentrations greater than 80 µeq/l in spite of having 
greater sea salt content and lower pH than the HELM and ELS 
lakes. The corresponding figures for the ELS lakes are 0.6%, 
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0.6%, and 40%, respectively. These seepage lakes have very 
small watersheds, as indicated by the low concentrations of 
Ca*+2 and Mg*+2 which are derived from soil weathering proces
ses. Low contribution of terrestrial alkalinity generation to the 
lakes renders the aquifer lakes sensitive to acid in~uts because of 
lower pre-pollution alkalinity. The average S04- concentration 
is about 25 µeq/l lower than the ELS mean. We suggest that these 
S04-2 values are derived as follows. Precipitation in Maine has 
S04-2 concentrations of about 30 µeq/l (NADP, 1986). The 
S04-2 becomes concentrated by evapotranspiration by a factor 
of about I .6X, yielding 50 µeq/I, the value in these lakes. The 
difference between the ELS lake median S04"2 (77 µeq/I) and 
aquifer lake median S04-2 (47 µeq/I ) is attributed to a lack of dry 
deposition to aquifer lakes. The difference between the median 
S04-2 for aquifer and HELM lakes is about 40 µeq/l. Thus 
vegetational effects, combined with cloud and fog interception, 
produce nearly a doubling of the S04-2 in lakes over the expected 
concentrations from typical wet precipitation. 

SUMMARY 

The major ion chemistry of lakes in Maine is controlled by 
a number of factors. These include the bedrock geology and soil 
composition, wet precipitation chemistry, chemistry of dry
deposited gases and aerosols, hydrology, watershed vegetation, 
and land use. For lakes in simi lar geologic terrain such as 
granites, surface water chemistry varies markedly within the state 
due to pronounced gradients in the contribution of marine aerosol 
and in wet and dry deposition of acidic substances, especially 
S04-2. The rate of chemical weathering varies widely, with a 
variation of over 500 percent at the first and fourth quintile. With 
the exception of road salt pollution and excess S04-2 from acidic 
precipitation, the major ion chemistry of lowland Maine lakes is 
controlled by natural processes, and the typical lake is circum
neutral. The contribution of anthropogenic S04-2 to the acidity 
status of Maine Jakes ranges from negligible to dominant. 

High elevation lakes and aquifer (seepage) lakes appear to 
be influenced by acidic precipitation, although many of the acidic 
lakes may also be strongly influenced by natural organic acidity. 
These two groups of lakes contain most of the acidic lakes in the 
state. 
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ABSTRACT 

Investigations in Maine since the day of C. T. Jackson show the advances in the understanding of peat during 
the past century and a half. These investigations have been largely resource oriented rather than directed toward 
peat as the precursor of coal. The geology of peat as a resource is a new subject compared with the study of the 
origin of coal, long recognized as derived from peat. This paper is a brief outline of the nature, classification, and 
occurrence of peat from the resource point of view; physical aspects dominate chemical aspects; classifications most 
useful to the description of peat for agricultural and energy purposes are stressed; and factors controlling the amount 
and commercial quality of peat receive the most emphasis in dealing with peat occurrence. 

Overviews of the position of peat resources in the world and nation are touched upon to serve as background 
for discussion of peat investigations in Maine. Recent estimates suggest that there may be as many as 6,000 to 8,000 
individual peat deposits in Maine covering a total land area of 50,000 to 75,000 acres. But far from all have economic 
potential. These figures show the need for peat resource exploration studies to locate the peatlands with commercial 
potential. A guide for such studies was devised based on geologic settings. It is a tool to be used with bedrock and 
surficial geology maps along with large-scale topographic maps, soil maps, and aerial photography. 

INTRODUCTION 

Peat has many definitions. Individuals working in fields 
related to energy refer to peat as a fossil fuel. Other definitions 
refer to peat as an old or preserved biomass. Agriculturists define 
peat as an organic soil suitable for crop production. Ecologists 
consider peat as part of a swamp or marsh. Peat is of interest to 
workers in such fields as chemistry, power generation, civil 
engineering, and mining, as well as to workers in coal geology, 
agriculture and horticulture, and ecology. These different inter
ests are addressed in the quadrennial International Peat Congres
ses and published in the proceedings of these congresses. 

of molecules by microorganisms. Peat forms when accumulation 
in a wet environment such as a bog, swamp, or marsh is faster 
than decay. 

As Clymo ( 1983) pointed out, peat is not a single 
homogeneous substance either in space or time. Peat starts to 
form as soon as plants die and a series of changes begin which 
are usually faster at first, becoming slower as time goes on. These 
changes are called decay, decomposit ion, breakdown, or 
humification. The processes encompassed by them are ( 1) loss 
of organic matter, as gas or in solution, as a result of leaching and 
of attack by microorganisms; (2) loss of physical structure; and 
(3) change of chemical state, that is, the production of new types 

CHARACTERISTICS OF PEAT AND OF 
PEAT ACCUMULATION 

Attributes of the Peat Material 

The attributes of peat are many. The 15 selected by Clymo 
( 1983) as being most important for describing or classifying peat 
are discussed below. Of these, botanical composit ion and the 
state of decomposition are especially important. 

1. Botanical Composition. Three broad categories of peat -
-moss, herbaceous (predominantly grasses and sedges), and 
wood--have been suggested by Kivinen ( 1977). The two most 
common genera in the moss-peat category are Sphagnum and 
Hypnum. Hypnum moss peat is commonly formed from plants 
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supplied by water having a higher concentration of solutes than 
is supplied to Sphagnum moss peat. 

Herbaceous peats usually form in the presence of ground 
water rather than rain water. Kulczynski ( 1949) stated that unlike 
mosses, the herbaceous plants such as grasses, reeds, and sedges 
are rooted and the leaves fall on the waterlogged peat surface. 
Such peats tend to be denser than moss peat and have a higher 
concentration of ash and of inorganic solutes. The ecological 
conditions favoring development of Phragmites peat, Carex peat, 
and Cladium peat differ considerably, although all three types 
form under mineral-rich conditions. On the other hand, cotton 
grass (Eriophorum) peat forms under mineral-poor conditions. 

Wood peat is formed by trees living and decaying in swamps. 
In temperate and arctic peat deposits, wood peat is usually found 
at the base of the deposit or above a layer of herbaceous peat or 
as a layer within moss peat. In the tropics and subtropics, 
complete deposits consist of wood peat (Anderson, 1964, 1983) 

2. State of Decomposition or Humification. Peat decays 
in the presence of oxygenated water and aerobic bacteria. There
fore, fresh peat will change physically and chemically as long as 
oxygen is available. Subjective measurements of the degree of 
decomposition may be made by using the Von Post humification 
scale as described by the Associate Committee on Geotechnical 
Research, National Research Council of Canada (1979), or a 
modified version. 

3. Ash Content. Ash content is usually expressed in weight 
percent on the dry basis. Organic content, which makes peat 
valuable for commercial use, is the reciprocal of ash content; it 
is driven off during ashing at 450°-550°C. 

4. Acidity. The concentration of H+ in peat water is com
monly reported as pH and is useful to know because it is highly 
correlated with other characteristics (Pearsall, 1954). Activities 
of microorganisms or purely chemical changes, especially be
tween anaerobic and aerobic conditions, cause many chemical 
s~ecies to change state such as Fe2+ and Fe3+, Mn+, Mn2+, and 
S - and soi·. The pH, which is a measure of acidity, can be 
used to assess the relative importance of precipitation and mineral 
soil water input. 

5. Cation Exchange Capacity. The cation exchange 
capacity of peat bogs may vary over quite short distances, both 
horizontally and vertically. The chemical potential of a cation is 
related to its concentration in peat water, but the capacity of the 
peat to supply that cation is related to the cation exchange 
capacity and to the concentration of other cations. 

6. Activity of Microorganisms. The activity (or inactivity) 
of microorganisms is one of the main reasons peat exists. This 
can also cause peat to explode and bum (see Kuster and Locci, 
1964). An excess of certain microorganisms such as ther
mophilic fungi can raise the temperature of milled peat to 70°C. 
If air is admitted at that point, chemical reactions become so fast 
that the peat bums spontaneously (Strygin, 1968). The nature 
and activities of fungi and bacteria in peat were first studied by 
Waksman and Tenney ( 1928). However, it was not until the latter 
half of the century that interest in this subject returned, as 
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demonstrated by the research of Benda ( 1957), Clymo ( 1965), 
Clymo and Reddaway (197 1), Urquhart and Gore (1973), Given 
and Dickinson ( 1975), Collins et al. ( 1978), and Dickinson 
( 1983). But as Clymo ( 1983) remarked, in general, there is still 
relatively little known about the activities of microorganisms and 
particularly about microbial interactions in peat. 

7. Bulk Density. The term means dry-matter mass per unit 
volume of peat. The specific gravity or bulk density of dry peat 
is required for calculating the amount in a given deposit or for 
calculating the heating value or heat of combustion of a given 
volume of dry peat. 

8. Water Content. Water content of mostly reed-sedge peat 
from 95 bogs in northeastern Pennsylvania indicates a high 
percentage of water in freshly excavated peat. On an oven-dried 
basis, moisture content of samples as received ranged from 72.2 
to95.7 weight percent (Cameron, 1970). Peat, mostly moss type, 
from more than 200 deposits in Maine also fell within this range 
(Cameron et al., 1984). However, peat with higher ash content 
and reed-sedge peat tend to have lower water content than 
medium ash Sphagnum moss peat. 

9. Gas Content. Because of capillary phenomena, peat 
undisturbed in place contains air which is highly import.ant to the 
roots of vascular plants. Clymo ( 1983) observed that, "apart from 
the top 1 cm, the surface peat contains 50% (Acutifolia peat) to 
90% (Sphagnum peat) of gas, decreasing to zero at the water 
table." 

JO. Drainage and Water-Retaining Capacity. Relatively 
undecomposed peats have a high hydraulic conductivity, and 
water flow through them follows Darcy 's Law (Ingram et al., 
1974; Rycroft et al., 1975a,b ). The conductivity is about 10· 1 to 
10·3 cm s·1

. In decomposed peat the conductivity is much lower. 
One property that makes peat valuable as a soil conditioner 

and horticultural material is its ability to reabsorb water like a 
sponge after initial drying. Water-holding capacity, which is 
measured in percentage by weight, varies depending upon 
botanical character, degree of decomposition, and degree of 
drying to which the peat has been subjected. Moss peat has 
tremendous water-holding power and will hold 15-30 times its 
own weight of water, whereas decomposed peat such as humus 
will hold considerably less water. Oven-dried peat tends to 
reabsorb less water than air-dried peat. 

JI. Proportion of Fiber. In peat terminology, fiber is the 
organic matter which fails to pass through an ASTM standard 
100-mesh (0.15 mm) sieve. Fragments of wood larger than 2 cm 
are excluded in this definition, but leaves are included. The bulk 
of material classified as "fiber" consists of moss leaves and stems 
of moss, grass and sedge leaves, and wood fragments from stems 
of trees, shrubs, and so on. The proportion of fiber is usually 
closely linked with the extent of humification. In the north
eastern United States, Sphagnum moss peat appears to have more 
than 66 2/3 percent fiber content greater than 0.15 mm in length. 
Most reed-sedge peat has a fiber content of33 1/3 - 66 2/3 percent 
and much humus-type peat (peat containing less than 25 percent 
ash on dry basis, but so decayed that plant structure is not readily 
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distinguished) has less than 33 1/3 percent fiber content greater 
than 0.15 mm in length (Cameron, 1970). 

12. Structure. Size and distribution of pores and their 
orientation are structural features that influence the mechanical 
properties of peat such as compressibility and creep behavior. 

13. Heat of Combustion. Other names for heat of combus
tion are calorific content, heating value, and energy content. [n 

a vertical section of peat, an initial decrease downward in heat of 
combustion is followed by an increase. This reversal probably 
coincides with the change from aerobic to anaerobic conditions. 
A common measurement is BTU/lb (British thermal units per 
pound). 

14. Color. Freshly exposed peat exhibits a variety of deli
cate colors which may have ecological significance. The distinc
tion of the upper black-brown peat above a tan layer which in 
turn overlies a red-brown peat has been associated with 
microbiological differences which are, in tum, probably con
nected with the position and fluctuation of the water table 
(Collins el al., 1978). 

15. Age. For peat ranging in age from 200-20,000 years in 
which accumulation is uninterrupted, the carbon-14 technique 
for age determination is generally satisfactory. Ages to 200 years 
cannot at present be measured accurately. Correlation of pollen 
abundance with historical records of tree planting, industrial 
activity causing deposition of soot, changes in cereal abundance, 
and so on, is used for this time interval (Lee and Tallis, 1973; 
Livett et al., 1979). 

Peat Accumulation 

Peat accumulation results when the rate of addition of peaty 
material exceeds the rate of decay. Material is added primarily 
at the surface, especially ifthe plants are mostly mosses. Vascular 
plants, however, produce rhizomes and roots which add matter 
to the deposit to as much as 6 feet below the surface. 

Decay, on the other hand, may take place not only at the 
surface, but through the entire peat thickness. The rate of decay 
usually is highest in the surface layers and lowest in the water
logged zones of peat. In addition, the rates of decay are slower 
in some kinds of plants such as certain Sphagnum mosses than 
in other kinds of plants. Because decay is most rapid in the zone 
of the fluctuating water table, a very low decay rate operating in 
a thick zone may be as important as a high decay rate operating 
in a much thinner zone. 

Characteristics of Peat Accumulation 

The three characteristics of peat-forming systems which 
bring about peal accumulation are usually closely interlinked. 
They are (1) topography, hydrology, and vegetation of the area 
in which peat is formed, (2) structure of the peat-forming system, 
and (3) history of the peat-forming system. 

1. Topography, Hydrology, and Vegetation. Peat-forming 
systems consist of water and plants which act and interact with 

one another. They are, therefore, very sensitive to topography. 
In regions of continuous high humidity, such as in western 
Alaska, Ireland, and Newfoundland, peats form directly on rock 
and soil slopes up to 20 degrees or more (Clymo, 1983). In drier 
climates, basins or valleys may be necessary to stabilize the water 
supply; where the water table is at the ground surface, peat may 
begin to accumulate. 

Low-lying depressions or valleys also contain ponds and 
other water bodies that fill with sediment. As soon as the water 
becomes shallow enough, floating and rooted aquatic plants 
appear and die, adding their mass to the pond filling . As vegeta
tion accumulates, open water is replaced by partially decom
posed organic remains or peat in which the water table is at the 
surface. Aquatic communities give way vertically to marsh and 
swamp communities. Sphagnum peat spreads both laterally 
beyond the basin and vertically into a dome. In his discussion of 
changes in wetland communities, Tai !is ( 1983) stated that it has 
been known for centuries that antecedent communities often 
differ markedly from the present-day plants at the surface of the 
peat. The work of Weber (1908b) and Clements (1916) inter
preted these sequences of aquatic and marsh and swamp com
munities preserved in the peat deposits as representing successive 
stages in the conversion of open water to "dry land." The process 
is called terrestrialization. 

However, the "dry land" is totally waterlogged during 
periods of high-water levels. The surface peat layers are exposed 
in part to ombrotrophic rather than minerotrophic water supply. 
Ultimately, the peat mass may build up to such a height that the 
surface layers are no longer influenced by minerotrophic waters 
at all. The process of formation of peat directly on dry land is 
called paludification. Where rainfall combined with capillary 
action of the peat mass is sufficient to counterbalance the 
downward gravitational movement of water, a convex water table 
is sustained by precipitation. The topographic form of the peat 
deposit is a dome. The peat-forming vegetation in the dome 
ranges from moss types in the temperate regions to forest types 
in the tropics. 

Type of vegetation influences rate of accumulation. 
Cameron and Mory (1977) noted that in Bradwell Bay, Florida, 
swamps which are tangles of shrubs and small trees do not 
provide the thick masses of pulpy material and, therefore, the 
good peat-forming characteristics that the flora of the sweetbay 
plant association provide. Bradbury and Grace ( 1983) reviewed 
the productivity of vascular plants in peat-forming systems in 
swamps and marshes of North America and Europe; the produc
tivity of mosses and other bryophytes is discussed by Clymo 
(1983). All types discussed are good peat formers. Productivity 
in tropical rain forests is especially great. Anderson (1964) 
reported wood peat to depths of almost 40 feet accumulated in 
the tropical swamps of Sarawak within the past 5,000 years. In 
contrast, a deposit of grass sedge and moss peat only 7 feet deep 
began to accumulate in a basin in the mountains of West Virginia 
about 10,000 years ago (Cameron and Grosz, 1981 ). The Great 
Heath, in eastern Maine, where moss and minor amounts of grass 
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and sedges accumulated to form 25-30 feet of peat, began to fonn 
about 12,000 years ago (Cameron, 1975; Cameron and Schruben, 
1983). 

Because a peat deposit during its period of accumulation is 
subject to fire destruction from surface to water table and to time 
lapses in deposition due to flooding and to decay, rates of peat 
accumulation based on age and thickness of the deposit are apt 
to be highly theoretical. 

2. Structure of the Peat-Forming System. The first level 
of structure on the surface of the developing peat bog is the 
individual plant, centered on a scale of about 1 to I 0 cm (Clymo, 
1983). Hummock and pool topography, reprt>senting the next 
largest scale structure of 1 to 20 m, consists of a great variety of 
fonns from the northern string bogs to the southern circular 
hummocks. Finally, the raised bog and eccentric-domed bog, to 
name a few shapes, constitute the largest scale structure of the 
peat-fonning system. 

3. History of the Peat-Forming System. History is 
recorded in the stratigraphy of the deposit. Unless disturbed, the 
deepest peat is oldest. Macrofossils (leaves, stems, and roots) 
together with the microfossils (pollen and spores) show which 
plants lived at various stratigraphic horizons. Generally, it is not 
possible to reconstruct the vegetation history in detail because 
different plants decay at different rates (Coulson and Butterfield, 
1978; Dickinson, 1983), but major changes from marsh to Sphag
num heath (Chapman, 1964) can be recorded. 

CLASSIFICATIONS 

Many classifications have been devised for peat and peat
fonning systems. Commonly, they are based on a single criterion 
such as type of vegetation; pine bogs, heath bogs, cedar swamps, 
and cotton grass bogs are examples. Some classifications are 
based on topography; raised bogs, valley bogs, and blanket bogs 
are examples. Other classification systems are based on 
chemistry. 

A peat classification system based on the degree ofhumifica
tion or decomposition published in Sweden 60 years ago by Von 
Post and Granlund (1926) is still used in many European 
countries. Field assessments of this character are commonly 
made using the H (humification) scale devised by Von Post and 
Gran I und (see Table 1 ). It replaces an entirely subjective descrip
tion by a numerical scale based on specific, more objective 
criteria. These include the color of the water expressed when 
peat is squeezed in the hand and the proportion and character of 
the material which remains in the hand after squeezing. This 
classification, however, does not adequately identify peat accord
ing to properties demanded by modem industry, properties which 
are based on the use of peat as a soil conditioner and horticultural 
material and as an energy fuel. Chief among these desirable 
properties is water-holding capacity, or the ability to reabsorb 
water after initial drying, organic content, and fiber content. 
Water-holding capacity, which is measured in percentage by 
weight, depends upon botanical character, the degree of decom-
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position, and the extent to which peat has dried. Organic content, 
also measured in percentage by weight, consists of the solids 
remaining after a test portion of dry peat has been heated at 
550°C. Fiber content refers to the proportion of stem, leaf, or 
other plant fragments between the sizes of 0.15 and 12. 7 mm. 
For economic consideration, heat of combustion should be 
greater than 8000 BTU/lb. 

To meet the need for a classification designed principally to 
characterize different types of peat on the basis of these and other 
useful properties, such as acidity and moisture content, a clas
sification was proposed by the American Society for Testing and 
Materials Committee D-29 Subcommittee I (Farnham, 1968). 
This classification was adopted in the fonn of ASTM Designation 
02607-69 (Am. Soc. Testing and Materials, 1969), and renewed 
in 1980. According to this standard, "the tenn peat refers only 
to organic matter of geological origin, excluding coal, fonned 
from dead plant remains in water and in the absence of air. It 
occurs in a bog, swampland, or marsh, and has an ash content not 
exceeding 25 percent by dry weight." The classification lists ti ve 
major types according to genesis and fiber content. Percentages 
of fiber are based on oven-dried weight at I05°C, not on volume. 
The five types are: (I) Sphagnum moss peat, in which the 
oven-dried peat contains a minimum of 66 2/3 percent recog
nizable Sphagnum moss fiber; (2) Hypnum moss peat, in which 
the oven-dried peat contains a minimum of 33 1 /3 percent fiber, 
of which at least half is Hypnum moss fibers; (3) reed-sedge peat, 
in which oven-dried peat contains a minimum of 33 1/3 percent 
fiber, of which at least half is reed-sedge and other non-moss 
fibers; ( 4) peat humus, in which oven-dried peat contains less 
than 33 1/3 percent fiber; and (5) other peat, which includes all 
other fonns of peat not classified in ASTM Designation 02607-
69. This classification is currently being revised to include 
energy criteria and to treat the other peat categories more effec
tively. 

As part of the research leading to the fonnulation of this 
classification, analyses were made of 191 representative samples 
of peat sold in the United States (Farnham, 1968, p. 89). Sphag
num moss-peat samples had the highest fiber content and general
ly the lowest ash content and pH. Also, except for a few 
artificially dried materials, the water-holding capacities were 
well over 1,000 percent. The Hypnum moss-peat samples were 
much less acid, but had slightly higher ash contents. Reed-sedge 
peat samples differed in pH and ash content and had medium 
fiber content and water-holding capacity. Peat-humus samples 
were very low in fiber content and water-holding capacity, a 
condition which is indicative of a high degree of decomposition. 
Classifications other than that of the ASTM are simply descrip
tive and do not include data that would necessarily describe the 
commercial quality of the peat. 

For statistical purposes, the U.S. Bureau of Mines uses a 
classification in which peat is divided into three general types-
moss peat, reed-sedge peat, and peat humus. These types are 
discussed by Cameron (1973). Peat of Sphagnum, Hypnum, and 
other moss types is classified as moss peat, whereas peat of 
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TABLE I. HUMlFICATION SCALE. TRANSLATED AND TABULATED FROM VON POST AND GRANLUND (1926. P. 29-30) 

Scale Description Proportion Plant structure Expressed fluid Peat lost Peat retained in the hand 
number of "dy"• 

consis tency color 

HI completely unhumified none plain colorless, clear none fibrous light 
H2 virtually unhumified none plain yellow-brown, clear none fibrous light 
H3 little humified small plain noticeably turbid none not porridgey light 

H4 poorly humified modest plain very turbid somewhat porridgey light 

H5 fairly humified, fair plain, but strongly turbid some very porridgey light 
structure distinct somewhat obscured 

H6 fairly humified. fair indistinct, but strongly turbid up to 1/3 very porridgey light 
structure less distinct s till clear 

H7 quite well-humified considerable much still visible strongly turbid about 1/2 gruel-like very 
dark 

H8 well-humified large vague strongly turbid 2/3 only fibrous matter very 
and roots remain dark 

H9 almost completely most almost none visible strongly turbid almost all homogeneous very 
humified dark 

HIO completely humified all none visible strongly turbid all porridge very 
dark 

*Amorphous (collodial) dark brown "humic" matter from which all trace of macroscopic plant structure has d isappeared. 

reed-sedge, shrub, and tree groups is classified as reed-sedge 
peat. Any peat so decomposed that the botanical identity is lost 
is classified as peat humus. In all classes, peat must have not 
more than 25 percent ash content on the dry basis. 

The U.S. Department of Agriculture includes a peat clas
sification system in its Comprehensive Organic Soil Classifica
tion System of 1975 developed by the Soil Survey Staff of the 
Soil Conservation Service (1975). In this system, three classes 
of organic materials (peat) are recognized: fibric , having a low 
degree of decomposition and containing more than 66 2/3 percent 
fiber; hemic, having a moderate degree of decomposition and 
containing between 33 1/3 percent and 66 2/3 percent fiber; and 
sapric, the most decomposed type containing less than 33 1/3 
percent fiber. This system was first introduced by Farnham and 
Finney (1965) and later referred to by McKinzie in 1974. 

Ecologists, in particular, prefer classifications making use 
of five elements: topography and hydrology, present surface 
vegetation, morphology, water chemistry, and history. Among 
the earliest classification schemes are those of Weber (I 908a) 
and Sjors ( 1948), and among the later is that of Moore and 
Bellamy (1974). However, most schemes are for use within a 
limited geographic range. 

As pointed out by Clymo ( 1983), classifications recognize 
the fundamental importance of plant nutrition and water which 
they refer to as trophy or base status. The water coming to the 
peat-forming system may have a high concentration of plant 
nutrients (or a lower concentration but a constantly renewed 
supply, or both) in which case conditions are commonly called 
eutrophic. Water which has a low concentration of nutrients or 
a supply which is not often renewed, causes oligotrophic condi-

lions. The present surface vegetation may be entirely dependent 
on precipitation for its water supply (ombrotrophic), or on water 
that flowed through rock or mineral soil or both (minerotrophic). 

The International Peat Society has proposed a system of 
classification that is similar to the U.S. Department of 
Agriculture's block system containing three criteria with classes 
for each criterion (Farnham, 1980). "The three criteria used in 
this system include decomposition, botanical composition, and 
trophy (base status). The bases of this system are as follows: 

Decomposition 
I = low degree of decomposition 

II = intermediate stage of decomposition 
III = highly decomposed 

Botanical Composition 
1 =mosses 
2 =herbaceous types (grasses, sedges, reeds, etc.) 
3 = woody types 

Trophic Status 
a = oligotrophic or low-base saturation 
b = mesotrophic or intermediate 
c = eutrophic or high-base status 

An example of how this block system works is as follows: 
The symbol 12C describes a peat that is weakly decomposed, 

consists primarily of herbaceous-type plant remains, and has a 
high base status (pH over 5.0)." 

OVERVIEW OF THE WORLD PEAT INDUSTRY 

Peat bogs are estimated to make up 804.9 million acres 
(321.9 million hectares) of the earth's land surface in all hemi-
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spheres. The three leading countries containing peat are the 
U.S.S.R. with 375 million acres (150 million hectares), Canada 
with 280 million acres (1 12 million hectares), and U.S.A. with 
52.6 million acres (21 million hectares) as reported by Farnham 
(1980). Until recently, Finland ranked fourth with 24.2 million 
acres (9.7 million hectares), but recent studies place Indonesia 
behind the U.S.A. with 38.4 million acres (17 million hectares) 
(Katili, 1983). The estimate for Finland remains the same, 
whereas the estimate for Indonesia increased. World resources 
of peat are estimated at 2.4 trillion tons of which the U.S.S.R. 
and Canada each have about one-third (Davis, l 985b ). 

Kimbell and Zaja.c ( 1986) reported that world production in 
1980 was 307, 117 thousand metric tons. Production increased 
to 373,640 in 1983 and 374,730 thousand metric tons were 
estimated for 1984. Davis (1985c) reported "world production 
is concentrated in the U.S.S.R. which is estimated to produce 
almost 96 percent of the world's peat. The U.S.S.R. uses 83 
percent of its peat for agriculture and 17 percent for energy. 
Ireland and Finland each produce 1.4 percent of the world's 
production of peal, most of which is used for fuel in each country. 
The Federal Republic of Germany and the United States are next 
largest producers of peat. The Federal Republic of Germany uses 
about 12 percent of its peat for fuel. The combined production 
of Ireland, Finland, the Federal Republic of Germany, and the 
United States is about 3.5 percent of the world total." 

Peat mined from the bog presently has no byproducts or 
coproducts. In the future, synthetic natural gas, ammonia, and 
sulfur are expected to be produced as byproducts. 

Countries of the third world are currently looking at the 
resource potential of their peat deposits for both energy and 
agricultural use (Radjagukguk, 1986). Katili ( 1983) cited the 
main advantages of peat-based fuel compared with oil, gas, and 
coal in Indonesia as follows: 

(1) Peat mining is very labor intensive and creates many 
new jobs in thickly populated countries. 

(2) Peat production can be accomplished in a very simple 
manner with low investment costs. 

(3) After removing peat, the remaining waste land can be 
reclaimed for agricultural and/or forestry purposes. 

(4) If peat is substituted for oil, gas, or coal, foreign ex
change can be earned by selling the freed up fuels in world 
markets. 

(5) Peat can be developed locally as an energy source, thus 
reducing transportation costs. 

( 6) Peat may be used as a substitute for charcoal to conserve 
dwindling timberlands. 

Current Research and Applications 

Peat is used in direct combustion for power generation in 
Europe. Peat dust can contribute to combustion if the moisture 
content drops below 40 percent, the temperature is above I 60°F, 
and the peat dust-air ratio is in a suitable range. 
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The U.S.S.R. probably conducts more peat research than any 
other country (Davis, l 985c). Government institutes train en
gineers and technicians to study and develop peat uses. The 
Moscow Peat Institute is the principal Soviet institute for tech
nical training. The institute has graduated as many as 250 to 300 
peat engineers per year and also conducts a broad research 
program in hydraulics and hydrotechniques of peat installations, 
classification and characterization of peats, radioisotope techni
ques in the study of physical and mechanical properties of peat, 
and the chemical processing of peat. The All Union Institute for 
the Study of Peat Utilization was founded in Leningrad in 1935 
as an agency of the Ministry of Power Stations. The Institute 's 
objectives are to fully mechanize the peat-for-fuel industry, 
produce chemicals and other byproducts from peat, develop new 
methods for producing and dewatering peat, and to modify and 
improve existing techniques of mining peat. 

The Irish Parliament established the Bord Na Mona to 
develop peat resources and generate electric power using peat 
fuel. Peat-fueled plants, with a total installed capacity of 450 
megawatts (MW), supply 20-30 percent of Ireland's electric 
power. The experimental station at Droichead Nua, County 
Kildare, was established to develop improved methods for min
ing and utilizing peat. 

Canada (with one-third of the world 's peat resources), Fin
land, the Federal Republic of Germany, and the Netherlands have 
active peat research programs concerned with developing peat 
fuel use. One of Finland's power stations has an electrical 
generating capacity of 60 MW and a thermal capacity of 117 MW 
(Davis, 1985b, c). 

Davis ( l 985a) listed the following items as the most current 
news on the world's peat front: 

Yapo Oy, a Finnish company specializing in peat production 
and development worldwide, purchased Peatrex Ltd., a peat
producing company in Minnesota. Vapo Oy supplied machinery 
and technical expertise to peat projects in Africa, Finland, 
Southeast Asia, Sweden, and Western Europe. Kemira Qy, 
another company in Finland, plans to build a new 80,000-ton
per-year ammonia plant that would use peat for feed stock . 

Swedish researchers, seeking to utilize peat as an organic 
raw material for chemicals, determined that peat contains an 
enormously complex mixture of organic materials. The largest 
fractions are lignin, humic acids, hemicelluloses, celluloses, and 
bitumens. 

Research into the use of oxidatively solubilized coal (OSC) 
in alcohol to produce a diesel-like fuel determined that peat was 
also good feedstock for the process. Solutions of peat-derived 
OSC in methanol, containing as much as 50 percent by weight 
of the OSC, were similar to conventional diesel fuel in viscosity, 
lubricity, and cetane value. The combustion product was essen
tially smoke-free and low in nitrogen oxides. The OSC derived 
from peat outperformed OSC made from some kinds of coal. 

Davis (l 985a) also cited the report (Mining Magazine, v. 
152, no. 4, April 1985) that an exploration team from the Chinese 
Academy of Sciences had discovered an estimated 7 billion cubic 
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meters of peat located on the Qingzang plateau at the juncture of 
Gansu, Quinghai , and Sichuan Provinces. Production from these 
deposits was expected to be used as fertilizer and fuel. 

In Canada, members of industry, the Provincial government 
of Ontario, and the company Peat Resources Ltd. discussed a 
possible joint venture to develop a peat pellet plant. Ap
proximately 600,000 acres of peat and wetlands were under 
company control in northern Ontario. Initial work was to include 
geotechnical, mining, and economic studies. Preliminary es
timates indicate that the peat could be produced for $63 per short 
ton, which makes it competi tive with imported coal at $90 per 
short ton. Long-range plans are for an operation of 100,000-ton
per-year capacity. 

OVERVIEW OF THE NATIONAL PEAT INDUSTRY 

Domestic deposits of peat are found in all 50 states, with 
estimated resources of about 340 billion short tons, or about I4 
percent of the world total (Davis, I 985a). This estimate is based 
on an average peat deposit depth of 7 feet and bulk density 
averaging 15 pounds per cubic foot for peat with a moisture 
content of 35 percent. Of this, 700 million tons is estimated to 
be reserves (Davis, I 985a). This figure will be increased as peat 
mapping in the states continues. According to Davis, the U.S. 
demand for agricultural peat has grown at an average rate of 1.6 
percent annually for the past I 0 years. In 1973, the apparent 
demand was 945,000 short tons of peat, of which domestic 
producers provided 635,000 tons or about 67 percent of the 
market. In 1983, the apparent demand was 1,144,000 tons, of 
which domestic producers provided 704,000 tons or 62 percent 
of the market. Agricultural demand for peat is forecast by the 
Bureau of Mines to grow annually at an average rate of2 percent 
to the year 2000. The anticipated additional end use of peat as a 
fuel source increases the forecast of total demand to about 1.4 
million short tons in 1990 and 2 million tons in the year 2000, at 
an average annual growth rate of 3.4 percent. 

Peat production was highest in Florida, with 292 thousand 
short tons of air-dried peat produced in 1984. Following Florida 
in decreasing order of peat production were Michigan, Indiana, 
Illinois, Minnesota, and Colorado. Reed-sedge peat was the most 
common kind produced followed by humus, unclassified, Hyp
num moss, and Sphagnum moss peats (Davis, I 985a). 

Uses 

The predominant end use of peat in the United States is for 
agricultural and horticultural purposes. Sixty-seven percent of 
the domestically produced peat sold in 1983 was for general soil 
improvement. This peat was used chiefly by gardeners and 
contractors for landscaping and as a base for building lawns and 
golf courses, by homeowners for mulching and improving lawns 
and garden soi ls, and by nurseries and greenhouses. The 
remainder was sold for use in potting soils and mixed fertilizers, 
for packing flowers and preparing seed inoculant, and as a 

medium for growing mushrooms and earthworms. Other poten
tial uses of peat in the United States have been developed through 
research in Canada and other countries. These include uses as a 
filtering agent to separate pollutants from contaminated water 
and as an absorption medium for oil spill cleanup. Peat is also 
being considered as a domestic energy source, both for conver
sion to synthetic gas and for direct combustion (Davis, I 985c ). 

In the past, peat has not been an important source of energy 
in the United States because of the abundant supply of other fuels 
at low cost. However, more than LOO years ago, the Minnesota 
Legislature appointed a committee to investigate peat as a fuel 
for locomotives, and in 1945, a state agency authorized an 
investigation of "Peat for Heat." From 1946 to 1971, about $1.4 
million in state and federal funds was expended on peat research 
by the Iron Range Resources and Rehabilitation Bureau and the 
University of Minnesota. Fuel-wood shortages in Maine during 
World War II prompted Trefethen and Bradford 's (1944) survey 
of peat in Maine. 

The oil embargo in 1973- 1974 forced attention on peat for 
energy. In late 1974 and early 1975, four organizations in the 
United States began independent investigations of peat as a 
source of energy. Minnesota Gas Company announced its inves
tigation of peat as a source of synthetic natural gas to be carried 
on at the Institute of Gas Technology in Chicago. The Minnesota 
Energy Agency prepared a request for funds for a peat energy 
and gasification study for the Upper Great Lakes Regional 
Commission . The U.S. Bureau of Mines requested funds to 
investigate mining peat for energy, and First Colony Farms began 
evaluating peat for energy use from its North Carolina farm 
property. 

Since 1975, considerable interest in using peat for energy 
has developed in the United States (Rader, 1980). State-resource 
evaluation programs funded by the U.S. Department of Energy 
were set up to determine the amount and location of fuel-grade 
peat in 14 states. Maine, Alaska, Michigan, Minnesota, North 
Carolina, and South Carolina began programs in 1979. Alabama, 
Georgia, Florida, Louisiana, Massachusetts, New York, Rhode 
Island, and Wisconsin initiated programs in 1980 and 1981. 

Trends 

The demand for peat as a fuel appears likely to develop in 
the north-central, southeastern, and New England areas of the 
United States according to Davis ( I 985b,c). 

Minnesota is making a strong effort to develop its peat 
resources for fuel to reduce its dependence on other more costly 
energy sources. The Great Lakes Peat Products Company, 
formed to handle the state's peat operation, has used about 1,000 
tons of peat for combustion testing. ln May 1983, the Minnesota 
State Legislature passed an act that promotes the orderly develop
ment of mining and provides for the reclamation of certain lands 
subjected to peat mining. The legislation specifies that a permit 
is not needed for a peat mining operation of 40 acres or less, 
unless it is determined that the mining operation has potential to 
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cause significant environmental effects. Moreover, if more than 
1,000 tons per year of air-dried peat is removed from a small 
operation, reevaluation for possible permitting would be re
quired. 

A subsidiary of a Swedish firm may be the first company to 
launch a large peat-to-energy project in Minnesota. The firm uses 
a specially designed sodding machine that scoops wet peat from 
the bog and extrudes it into log-shaped sods. About I 0,000 tons 
of these peat logs were produced in 1984. Minnesota's governor 
strongly supported the peat project with hopes of starting a new 
major industry in the state. The Minnesota Department of Energy 
had several programs for energy development and for conversion 
of boilers to bum peat fuel. Two Minnesota counties converted 
heating plants in public buildings to bum peat fuel. 

In addition to Minnesota, the Michigan State Legislature has 
passed laws related to peat mining. Elsewhere, Carolina 
Methane Inc., a new company, planned to test a process to extract 
methane from peat deposits without mining the peat. The peat 
bog water, in which the methane gas naturally occurred, would 
be pumped out of the bog, and the methane removed in a vacuum 
chamber. The water would then be returned to the bog. The 
methane would be used as an alternative energy source or 
converted to a higher heat value product. Peat Products of 
America, Inc. is presently developing a peat-fueled plant in 
Maine to generate electricity. 

PEAT INVESTIGATIONS IN MAINE 

The early colonists coming to New England from northern 
Europe recognized in their new land peat bogs resembling those 
of the old world. These were remembered as a source of sods to 
heat their homes. Therefore, it is not surprising that C. T. Jackson 
( 1837), in the "First Report on the Geology of the State of Maine," 
noted that "Peat occurs abundantly on many lowlands in the state 
and may become an article of value as price of wood increases." 
However, it was not until 1906 that the first field studies of Maine 
bogs were begun to estimate the extent and value of the more 
accessible peat deposits of Maine, and to direct attention to their 
economic importance as an undeveloped source of fuel and as 
raw material for various other uses (Bastin and Davis, 1909). The 
area of land actually tested by Bastin and Davis was about 25 
square miles and the thickness of peat averaged 10 feet. 

By 1916, F. F. Burr increased thearea examined to 50 square 
miles of readily accessible peat 8 feet in average thickness. Soper 
and Osbon ( 1922) added that these deposits are estimated to be 
capable of yielding 48,000,000 short tons of air-dried peat, and 
that there are additional large bogs and swamps in the northern 
forests as well as in relatively inaccessible southern areas that 
probably contain a quantity as large or larger than the area 
examined. 

By 1944, bogs were being mined for agricultural peats in the 
towns of Centerville, Deblois, Franklin, Friendship, Jonesport, 
Penobscot, and Sullivan in eastern Maine (Trefethen and Brad
ford, 1944). Moreover, in the winters of 1943-45, wood-fuel 
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shortages were reported to be acute in some cities, labor shortages 
forced the price of wood to rise significantly, and coal strikes and 
transportation difficulties made other fuel types scarce and ex
pensive. Therefore, the use of peat to solve the fuel problem was 
seriously considered. Under the direction of the Maine Develop
ment Commission, the Maine Geological Survey initiated studies 
of Maine peat resources. Experimental studies of peat were 
conducted by the University of Maine's Technology Experiment 
Station on the utilization of peat for fuel. Trefethen and Bradford 
( 1944) made information available on the distribution and nature 
of peat from 17 widely scattered bogs together with analytical 
data on moisture, ash, volatile matter, fixed carbon contents, and 
heat value. 

The years following the close of World War II saw the rapid 
development of suburbia along the Atlantic seaboard accom
panied by huge demands for peat to meet landscaping require
ments of homes and golf grounds. A major development of the 
agricultural and horticultural peat industry took place at this time 
to supply demand. It soon became apparent that a definition of 
peat suitable to industry was required. Regulations established 
by the Federal Trade Commission in 1950 make it unlawful to 
label a product "peat" unless 75 percent of the material by dry 
weight is organic. This regulation stimulated the American 
Society for Testing and Materials (1969) to publish standard 
methods of testing the principal factors that determine the com
mercial value of peat. Although these standards applied to the 
processed product, it seemed reasonable to use them in evaluating 
the quality of peat in the bog. Consequently, peat resources of 
78 undeveloped deposits were investigated in Washington and 
Aroostook Counties (Cameron, 1975). These deposits contained 
an estimated 30,785,000 short tons air-dried peat of good quality 
as defined by the recent ASTM peat classification. At that time, 
several peat operations in eastern Maine were supplying peat for 
agricultural and horticultural needs. 

The oil embargo in l 973-1974caused interest to shift again 
toward the use of peat for fuel. In July 1979, the Maine Office 
of Energy Resources, in conjunction with the Maine Geological 
Survey, began the Maine Peat Resources Evaluation Program to 
determine the amount and location of fuel-grade peat in Maine. 
The five-volume report resulting from this program contains field 
and laboratory data on 233 areas containing peat deposits 
(Cameron et al., 1984). The five volumes are in the form of 
atlases including sketch maps, cores, and laboratory analyses 
upon which estimates of the resources are based. These data may 
be utilized to more accurately assess both the energy and agricul
tural potential of Maine peatlands. To facilitate such use, a 
predictive field guide for evaluating peat resources is based on 
these data (Cameron, 1984). 

Investigations of Maine peat are broadening to include 
environmental interests. An in-depth study of the vegetation of 
peatlands with special reference to Caribou Bog, Crystal Bog, 
and the Great Heath is an example (Jacobson et al., in press). 
Vegetation of 31 separate peatlands was examined to: (1) make 
objective determination of vegetation types and floristic infor-
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mation for practical application in studies of Maine peatlands; 
(2) make preliminary determination of the rare plants; (3) relate 
vegetation types to a logical developmental-morphological peat
land classification; and ( 4) develop an initial body of data on the 
variability in vegetation across geographic, climatic, and other 
environmental gradients in Maine. 

Little information was available on the impact that resource 
development will have on peat bogs and their watersheds. There
fore, hydrologic data was gathered for the Great and Denbow 
Heaths in eastern Maine for the period October 1980 through 
October 1982 (Nichols et al., 1984; Nichols, 1984). Denbow 
Heath is presently the site of peat operations for both agricultural 
or horticultural and energy purposes. The Great Heath is an 
excellent example of a multidomed peatland watered largely 
from precipitation, resting on a gently undulating surface of 
glaciomarine sediments, and towering above modem streams. A 
comprehensive study sponsored by the Maine Geological Survey 
in cooperation with the U.S. Geological Survey included prepara
tion of a contoured surficial geology map on which are located 
81 core sites. These sites were used in the collection of the 
hydrologic data by Nichols et al. (1984) and by Cameron and 
Schruben ( 1983) in a study of the mineral content of the different 
types of peat present in the deposit, for example, fibric , hemic, 
and sapric. The locations of element anomalies in each type of 
organic material were plotted on the cross sections, from which 
the following interpretation was made by Cameron and 
Schruben: elements which entered the system in the initial marsh 
stage of development were stored in plant tissue during growth 
and released during decay. Growth and decay were largely 
related to water movements during the rather complicated 
development of the ombrotrophic peatland. Ancient rather than 
modem hydro logic patterns are thus reflected by the distribution 
of elements. 

A study to determine the net rates of peat accumulation in 
selected peatlands was carried on by Tolonen et al. ( 1988). This 
study was supplemented by an investigation of the chemistry and 
chronology of peat cores with focus on distribution and 
redistribution, in space and time, of the elements delivered to the 
bog surface from precipitation (Norton, 1989). 

PEAT DEPOSITS IN MAINE 

Recent estimates (Cameron et al., 1984) suggest that there 
are as many as 6,000 to 8,000 individual peat deposits in Maine 
covering a total I.and area of 500,000 to 750,000 acres. However, 
only some of these peat deposits have economic potential. The 
Maine Peat Resource Evaluation Program was developed by the 
Maine Office of Energy Resources and the Maine Geological 
Survey to provide a more comprehensive analysis of the state's 
peat resources. Investigations were generally limited to deposits 
at least 80 acres in size containing a minimum thickness of 5 feet 
of commercial quality peat (peat with an ash content of less than 
25 percent). 

TABLE 2. RESULTS OF THE MAINE PEAT RESOURCE 
EVALUATION PROGRAM (FROM CAMERON ET AL., 1984) 

Number of Estimated Resources 
County Deposits Surveyed Acreage (Air-dried short tons) 

Androscoggin 4 1, 160 2,383,000 
Aroostook 43 11,498 18,851,400 
Cumberland I 200 400,000 
Franklin 3 1,185 2,414,000 
Hancock 5 1,338 2,559,200 
Kennebec 8 2,010 4,260,000 
Knox 2 227 447,000 
Lincoln 4 402 776,200 
Oxford 5 563 932,000 
Penobscot 47 21,666 40,923,000 
Piscataquis 29 5,896 8,311,200 
Sagadahoc 0 
Somerset 20 7,056 14,371,800 
Waldo 8 2,893 4,835 ,800 
Washington 48 14,988 32,114,800 
York 6 1,875 2,923,000 

TOTAL 233 72,957 I 36,502,400 

Two hundred thirty-three areas selected as representing 
typical peat deposits were evaluated under the Maine Peat 
Resources Evaluation Program. Figure I shows the locations of 
these deposits which were mapped and described in the five
volume atlas by Cameron et al. (1984). Sketch maps delineate 
areas of different thicknesses of commercial quality peat (less 
than 25 percent ash content); tonnages, core descriptions, and 
proximate and ultimate analyses of samples located along cores 
are given. Table 2 shows totals by county of the acreage and 
estimated resources of these areas. The grand total is 72,957 
acres mapped in the state having an estimated resource of 
136,502,400 short tons air-dried peat. 

Geologic Settings of Maine Peat Deposits 

The bedrock of Maine consists primarily of metamorphosed 
sedimentary and volcanic rocks which range in age from ap
proximately 350 to 600 million years and are intruded by 
numerous bodies of granitic rock (Osberg et al. , 1985). All of 
these rocks have been subjected to several episodes of folding 
and faulting, as well as millions of years of erosion, which have 
resulted in rounded mountains and well-established drainage 
patterns. 

Much of Maine's bedrock is covered by clay, silt, sand, and 
gravel deposited by streams and glaciers, and in standing water 
during the episodes of glaciation that occurred in the last 100,000 
years. Large ice sheets eroded the bedrock and deposited a 
blanket of fragments. As the last ice sheet retreated, much of 
southern Maine was submerged as the ocean inundated land that 
had been depressed by the weight of the great thickness of ice 
(see Fig. I). Between about 13,300 and 12,000 years ago (Stuiver 
and Borns, 1975), fossiliferous marine sand, silt, and clay were 
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deposited on top of the bedrock and glacial sediments (Thompson 
and Borns, 1985). The ocean gradually receded as the land 
surface slowly rebounded. 

Erosion by glaciers and deposition of glacial and marine 
sediments created geologic settings favorable for the fonnation 
of peat. Streams and rivers were slowed or dammed creating 
ponds and lakes. Bedrock basins and poorly drained depressions 
underlain by glacial or marine silt and clay deposits were abun
dant. Where drainage was impaired, the accumulation of un
decayed organic material was enhanced. 

Formation of Maine Peat Deposits 

The two most common modes of peat fonnation in Maine 
are (1) accumulation in closed depressions that initally were not 
stream fed and (2) accumulation in depressions that initially were 
stream fed. The general pattern of sedimentation that gave rise 
to peat deposits on glacial drift in closed depressions that had not 
been stream-fed during their early history is rather unifonn in 
general aspect. Numerous ponds and lakes at various elevations 
fill to become marshes; these may in tum change into swamps or 
again become ponds; they may even be drained completely, or 
paludification may take place with Sphagnum moss dominating 
the vegetation so that heath domes are produced. The sequence 
of deposit fonnation which eventually fills the pond prior to 
Sphagnum dome development begins when clay, washed in from 
the sides of a water-filled depression, accumulates on the bottom. 
Simple floating organisms such as diatoms and algae grow and 
die, and their remains sink and mix with clay particles to fonn 
the organic clay that appears in thin layers or as streaks within 
the basal part of the peaty clay layer. Deposition continues until 
nonfloating aquatic plants are able to take root. Waksman ( 1942) 
described the peaty material deposited below the surface of the 
pond as the remains of a variety of plants such as pond weeds, 
water plantain, and water lilies mixed with sediment brought in 
by streams. The material ranges from coarsely macerated to 
finely divided. This gray, green, brown, and black material may 
be intenningled with the roots of sedges and reeds. Deep-water 
peaty material may be mixed with or underlain by white or gray 
marl, a fonn of calcium carbonate deposited in large part by a 
few species of algae. The plants absorb calcium from the water 
and deposit it in the fonn of an encompassing scale. When the 
plants die, this calcium carbonate scale accumulates as marl. 
Sedges and Sphagnum moss may grow out from the rim of the 
pond as a mat on the surface of the water. As this mat builds up, 
it often breaks off and eventually sinks to the floor of the pond. 
This mat helps fill the pond and eventually converts it into a 
marsh. The watertable rises toward the centerofthe marsh where 
accumulation of peat is greater than near the edges. 

The marsh stage follows the pond stage and precedes the 
forest stage. The fonnation of soil above the water table 
favorable to the growth of trees at the margin of the marsh pennits 
the advance of the forest and the shrinking of the marsh area until 
the site becomes a swamp. A layer of peat with logs and stumps 

develops over the layer of reed-sedge peat fonned during the 
marsh stage. As the water table lowers with rising forest floor 
accompanied by changes in soil character, a predominantly 
needle-leaf forest is replaced by one that is mostly broad-leaved. 

Once fonned, the peat deposit may be subjected to one of 
three major courses. Woody peat may continue to be developed; 
the swamp may be changed back into a pond, generally as the 
result of beaver or manmade dams, or it may be drained naturally 
or artificially. Returning to the pond stage initiates a new cycle 
that may progress through the marsh and swamp stages with 
appropriate changes in peat accumulation. On the other hand, 
lowering of the water table by drainage initiates destruction of 
the peat by causing an inflow of oxygen which pennits aerobic 
microorganisms to flourish. These biologic agents promote rapid 
decomposition of peat, but are unable to grow or are limited in 
growth in the zone of ground-water saturation. Drying of peat, 
followed by remoistening, greatly stimulates decomposition. 

Many of the ponds formerly on the sites of Maine peat 
deposits had streams entering and leaving, and the process of 
depression filling described above was modified as shown in 
Figure 2. Moreover, the high humidity, especially in eastern and 
southeastern Maine, facilitates the growth of Sphagnum moss 
and creation of heath, a flora characteristic of domed bogs in 
Maine. The development of economically significant domed 
peat deposits typically found in Maine normally progresses 
through five phases described by Cameron el al. (1984) as 
follows: 

During the initial phase (Fig. 2a), the remains of aquatic plants, such 
as algae and pond weeds, accumulate over inorganic bottom clay in a 
pond. When a suffic ient thickness of organic material has accumulated, 
rooted plants including bulrushes and pond lilies begin to grow. Con
tinued accumulation of aquatic plant remains eventually begins to divert 
waterflow (Fig. 2b) and allow the growth of grasses, sedges, reeds and 
mosses. Remains of these marsh plants, primarily reed-sedge peat, 
gradually fill in the basin (Fig. 2c). 

In the fourth stage (Fig. 2d), the peat-forming vegetation spreads out 
beyond the margins of the original basin, forming a continuous flat 
surface. At this stage, surface water flowing toward the bog and ground 
water from adjacent aquifers lack the energy necessary to reach the 
centers of the peat-filled depressions. Because the mineral content of 
the water supply is greatest at the edges of the marsh, plants along the 
margins increase in variety and abundance. A less diverse plant as
semblage including Sphagn11m moss becomes established away from 
the deposit edges. With time, the proportion of Spltagn11m increases. 

When Sphagn11m moss becomes the dominant species, moss peat 
begins to accumulate in a convex mass or dome (Fig. 2e). In this fifth 
stage, streams and ground water can contribute to the water supply only 
along the narrow strip between the dome of peat and the mineral soi l. 
This strip, called the moat, collects runoff from both the mineral soil 
and the slopes of the dome of Spltagn11m peat. Eutrophic marsh and 
swamp grasses, shrubs, and trees grow where they are fed by the 
nutrient-rich surface and ground water and soil, whereas the mosses and 
heath vegetation on the dome are oligotrophic, receiving nutrients sole ly 
from precipitation. A water table is maintained within the dome by 
capillarity. 
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Figure 2. Schematic maps and cross sections of five stages in the development of domed peat deposits (from Cameron, 1975). 



Peat and its occurrence as a resource in Maine 

Peat deposits in Maine may be covered by marsh, swamp, 
or heath vegetation according to the phase of peatland develop
ment. Floods and fires during any phase may destroy all or part 
of a peat deposit , whereas variations in climate or nutrient input 
may change the rate of growth and decomposition. Therefore, 
deposits in varying stages of development are common. 

IDENTIFICATION OF MAINE PEAT RESOURCES 

Geologic and Physiographic Factors that Control Quality and 
Quantity of Peat 

Resource potential is determined by the chemical and physi
cal quality of the peat and the thickness and areal extent of the 
deposit. These factors result from the various environments in 
which the peat accumulated. Environmental factors fundamental 
to the development and preservation of the deposit include: type 
of unconsolidated sediment and bedrock foundation; glacial 
processes that affected the surface morphology; surface and 
ground water regimes; climate; and influences of flooding, fires, 
and human activities. Some of the most significant relationships 
are as follows: 

( 1) Peat deposits within or partly within bedrock tend to have 
a higher percentage of fibers larger than 0.15 mm than those 
deposits completely surrounded by unconsolidated material. 
Relationship of quality to kind of material composing the imme
diate area of the peat deposit and the walls of the depression in 
which accumulation of peat took place involves several aspects 
such as water-transmitting characteristics, solubility, resistance 
to erosion and weathering products. 

(2) Within unconsolidated material, peat deposits larger than 
several acres in areal extent tend to have lower ash content and 
a higher percentage of fibers larger than 0.15 mm than similar 
smaller deposits. 

(3) Peat deposits in depressions with high steep walls tend 
to be thicker than deposits in depressions with low gently sloping 
walls. Steep walls favor rapid build-up of marsh-type and heath 
vegetation above the original pond-surface level and at the same 
time delay development, along the margins of the depression, of 
soil conditions that initiate transgression of forest which slows 
and eventually stops peat formation. 

( 4) Peat deposits accumulated in depressions with high steep 
stable walls are apt to have lower ash content than deposits in 
similar depressions with unstable walls. 

(5) Peat deposits in depressions with small drainage basins 
tend to have less clay, sand, and silt brought into the depression 
while peat is accumulating than deposits in larger basins. The 
ratio of effective drainage area to area of peat accumulation in 
more than 100 examples in northeastern Pennsylvania showed 
that if the sediment producing area is more than lO times the size 
of the area of peat accumulation, the ash content is apt to be 
greater than 25 percent. 

(6) Peat deposits accumulating in a cool, moist climate are 
thicker and have lower ash content than deposits accumulating 

in a cool, dry climate. Humidity is the controlling factor in 
growth of peat-producing plants and preservation of plant struc
tures. 

(7) Peat deposits protected topographically from stream 
flooding are apt to have lower ash content than deposits subject 
to flooding. Two common causes of flooding are increased 
precipitation and ponding resulting from landslides or beaver 
activity. 

(8) Peat deposits subject to ground-water fluctuation caused 
by (a) artificial drainage, (b) drainage caused by breaching of 
dams on adjacent streams, or (c) lumbering operations and 
extensive forest fires which extinguish springs and seeps, have 
higher ash content and a lower percentage of fibers greater than 
0. I 5 mm than deposits not subject to ground-water fluctuation . 
A deposit saturated with ground water is relatively free from 
aerobic bacterial activity which decays vegetable matter; when 
the ground-water table falls, permitting oxygen to enter the 
deposit, decay increases ash content by destroying plant fibers. 

A Guide for Identification and Study of Peat Resources in 
Maine 

The design of this field guide is similar to that of a plant 
identification guide in that the user is directed from groups of 
general characterist ics to those increasingly specific. When the 
identification of a certain peat deposit setting is made, the user 
simply adds up each guide heading to have a description of the 
physiographic, geologic, and hydrologic setting. A total of 46 
descriptions was required to describe the 270 mapped deposits. 
The code symbol identifying the class of setting is made from the 
numbers and letters in front of the guide headings. The 46 
descriptions or classes as they are called in the guide are further 
grouped according to similarities in the quality and quantity of 
the resource. A group of 10 charts best accomodated the 46 
classes without minimizing or maximizing the similarity group
ings. The 46 classes of settings plotted on I 0 charts (Fig. 3) (also, 
see Table 3) show the relationship of area and thickness to 
estimated tonnages. Deposits plotting in nine of these classes 
can be screened out as having inadequate resource potential. 

Further analysis of the classes on each chart shows distinct 
trends for such factors as hydrologic and other engineering 
characteristics, chemical properties such as pH and trace-element 
content, kind of peat such as fibric or hemic, heights and slopes 
of bog domes, and occurrence of swamps and marshes. Tenden
cies toward unique grouping of these factors may be recognized. 
These will prove useful in the preparation of environmental 
impact statements, in the planning for exploitation of peat 
deposits, and in related geological and biological scientific re
search. The guide is specific to Maine's peat deposits, but the 
idea and philosophy are applicable to peat deposits in other states 
and countries. 

Resource potential is determined by the chemical and physi
cal quality of the peat and the thickness and areal extent of the 
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Figure 3. Charts showing area, thickness, and estimated tonnage of mapped peat deposits. 
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Figure 3 (continued). Charts showing area, thickness, and estimated tonnage of mapped peat deposits. 
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Chart 9. The deposits represented by codes IIA5 and IIB3 have satis
factory to excellent resource potential; by IIB2, good to very good 
resource potential; by 1185, satisfactory; and by IIA2 and IIA3 unsatis
factory to satisfactory potential. Codes not shown on the chart include 
IIA4 and IIB4. They could represent deposits with probable similar 
resource potential, but require detailed study. 

Chart I 0. The deposits represented by code IIB9c generally have good 
to very good resource potential. The remainder have unsatisfactory to 
satisfactory resource potential. Codes not shown on the chart include 
IA9a, IIA9a, IIA 10, IB9a, and IB9c. They represent deposits with 
probable similar resource potential, but requires detailed study. 

Figure 3 (continued). Charts showing area, thickness, and estimated tonnage of mapped peat deposits. 

TABLE 3.-- FIELD GUIDE TO IDENTIFICATION AND STUDY OF MAINE PEAT RESOURCES TO BE USED WITH ACCOMPANYING 
CHARTS NOS. 1- 10 (SEE FIGURE 3). 

I. DEPOSIT WITHIN THE REGION OF MAXIMUM MARINE INVASION. If not tum to LI. 

A. BEDROCK LARGELY FOLDED SEDIMENTARY, METASEDIMENTARY OR LAYERED VOLCANICS. If not tum to B. Select ap-
propriate number and letter under A or B. 

I. Deposit in glacial drift in hills and mountains at the head of a stream - IA I, see chart 5, Figure 3. 

2. Deposit in end or ribbed moraine - IA2, see chart 4. Figure 3. 

3. Deposit in kame or kettle topography - lA3, see chart 4, Figure 3. 

4. Deposit in till parallel to drumlins or other ice contact features -IA4, see chart 4, Figure 3. 

5. Deposit in alluvium, till or glacial outwash in valley along stream 
a. behind natural levee or on plain subject to flooding IA5a, see chart I, Figure 3. 
b. where deadwater reaches of s tream flow on deposit - IA5b, see chart 3, Figure 3. 
c. adjacent to esker- IA5c, see chart 3, Figure 3. 
d . in drift-dammed bedrock valley; natural levees, deadwater reaches or eskers not conspicuous - IA5d, see chart 3, Figure 3. 

6. Deposit in glacial outwash in valley remote from stream, outwash may include eskers - IA6, see chart 4, Figure 3. 

7. Deposit in glacial outwash and till on broad plain crossed by streams and eskers - IA7, see chart 3, Figure 3. 

8. Deposit on glaciomarine sediments 
a. in valleys between till ridges, glacial outwash o r till-covered bedrock walls - IA8a, see chart 2, Figure 3. 
b. in basins or plains between till ridges, glacial outwash or till-covered bedrock ridges - IA8b, see chart 2, Figure 3. 
c. on plain adjacent to large stream - IA8c, see chart 1, Figure 3. 

9. Deposit in till or glacial outwash along a lake 
a. separated from lake by esker or bedrock - IA9a, see chart 10, Figure 3. 
b. adjacent to lake that has been artificially dammed - IA9b, see chart I, Figure 3. 
c. adjacent to pond which deposit has incompletely tilled - IA9c, see chart 4 , Figure 3. 

I 0. Deposit in till or glacial outwash on drained pond or lake floor - IA I 0, see chart I, Figure 3. 

11. Deposit on tidal flat - !Al I, peat generally too shallow to be a resource. 

12. Deposit a thin blanket over consolidated or unconsolidated rock slopes - IA 12, peat loo shallow lo be a resource. 
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TABLE 3. CONTINUED. 

B. BEDROCK LARGELY MASSIVE PLUTONIC ROCK SUCH AS GRANITE AND GABBRO 

I. Deposit in glacial drift in hills and mountains at the head of a stream - 18 l , see chart 5. Figure 3. 

2. Deposit in end or ribbed moraine - 182, see chart 4, Figure 3. 

3. Deposit in kame or kettle topography - 183, see chart 4, Figure 3. 

4. Deposit in till parallel to drumlins or other ice contact deposits· 184. see chart 4, Figure 3. 

5. Deposit in alluvium, till or glacial outwash in valley along stream 
a. behind natural levee or on plain subject to flooding IB5a. see chart l. Figure 3. 
b. dead water reaches of stream flow on deposit - IB5b, see chart 3, Figure 3. 
c. adjacent to esker - JB5c, see chart 3, Figure 3. 
d . in drift-dammed bedrock valley; natural levees, deadwater reaches or eskers not conspicuous - IB5d, see chart 3, Figure 3. 

6. Deposit in glacial outwash in valley remote from stream, outwash may include eskers · 186, sec chart 4, Figure 3. 

7. Deposit in outwash and till on broad plain crossed by streams and eskers -187, see chart 6, Figure 3. 

8. Deposit on glaciomarine sediments 
a. in valleys between till ridges, glacial outwash. or till-covered bedrock walls· IB8a, see chart 2, Figure 3. 
b. in basins or plains between till ridges. glacial outwash or till-covered bedrock ridges· IB8b. see chart 2, Figure 3. 
c. on plain adjacent to large stream • JB8c, see chart I, Figure 3. 

9. Deposit in till or glacial outwash along a lake 
a. separated from lake by esker or bedrock • IB9a, see chart 10, Figure 3. 
b. adjacent to lake that has been artificially dammed - IB9b. see chart I, Figure 3. 
c. adjacent to pond which deposit has incompletely filled LB9c, see chart 10, Figure 3. 

I 0. Deposit in till or glacial outwash on drained pond or lake floor · 18 I 0, see chart I, Figure 3. 

11. Deposit on tidal flat - IBll, peat generally too shallow to be a resource. 

12. Deposit a thin blanket over consolidated or unconsolidated rock slopes - IB 12, peat too shallow to be a resource 

II. DEPOSIT OUTSIDE THE REGION OF MAXIMUM MARINE INVASION 

A. BEDROCK LARGELY FOLDED SEDIMENTARY, METASEDIMENTARY OR LAYERED VOLCANICS. lfnot tumto6. Selectap-
propriate number and letter under A or 6. 

I. Deposit in glacial drift on flat to rolling plain; bedrock l imestone, dolomite or marble - llA I, see chart l, Figure 3. 

2. Deposit in ground moraine in hills and mountains at the head of a stream - llA2, see chart 9. Figure 3. 

3. Deposit in end or ribbed moraine · IIA3, see chart 9. Figure 3. 

4. Deposit in kame or kettle topography· llA4, see chart 9, Figure 3. 

5. Deposit in till parallel to drumlins or other ice contact deposits - IIA5, see chart 9, Figure 3. 

6. Deposit in alluvium, till or glacial outwash in valley along stream 
a. behind natural levee or plain subject to stream flooding lIA6a, see chart I. Figure 3. 
b. deadwater reaches of stream flow on deposit - 11A6b. see chart 7, Figure 3. 
c. adjacent to esker - llA6c, see chart 8. Figure 3. 
d. in drift-dammed bedrock valley; natural levees, deadwater reaches or eskers not conspicuous - IIA6d, see chart 8, Figure 3. 

7. Deposit in glacial out wash in valley remote from stream; outwash may include eskers · IIA7, see chart 6, Figure 3. 

8. Deposit in out wash and ti II on broad plain crossed by streams and eskers · llA8, see chart 6, Figure 3. 

9. Deposit in till or glacial out wash along a lake 
a. separated from lake by esker or bedrock - llA9a, see chart IO, Figure 3. 
b. adjacent to lake that has been artificially dammed - IIA9b, see chart I, Figure 3. 
c. adjacent to pond which the deposit has incompletely filled llA9c, see chart 10, Figure 3. 

I 0. Deposit in till or glacial out wash on drained pond or lake floor · IIA JO, see chart IO, Figure 3. 

I I. Deposit a thin blanket over consolidated or unconsolidated rock slopes - llA 11, peat too shallow to be a resource. 

B. BEDROCK LARGELY PLUTONIC ROCK SUCH AS GRANITE AND GABBRO 

I. Deposit in glacial drift on flat to rolling plain · IIB I, see chart I. Figure 3. 

2. Deposit in ground mqraine in hills and mountains at the head of a stream - 1162, sec chart 9. Figure 3. 

3. Deposit in end or ribbed moraine - IIB3. see chart 9, Figure 3. 

4. Deposit in kame or kettle topography - 1164, see chart 9, Figure 3. 

5. Deposit in till parallel to drumlins or other ice contact deposits - IIB5. see chart 9. Figure 3. 

6. Deposit in alluvium, till or glacial outwash in val ley along stream 
a . behind natural levee or plain subject to stream flooding· llB6a, see chart l. Figure 3. 
b. deadwater reaches of s tream flow on deposit · IIB6b, see chart 7, Figure 3. 
c. adjacent to esker - 1166c, sec chart 8, Figure 3. 
d. in drift-dammed bedrock valley: natural levees. deadwater reaches or eskers not conspicuous - llB6d. see chart 8, Figure 3. 

7. Deposit in glacial outwash in basin remote from stream; outwa~h may include eskers - 1167, sec chart 6. Figure 3. 

8. Deposit in outwash and till on broad plain crossed by streams and eskers - IIB8, see chart 6, Figure 3. 
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deposit. These factors result from the various environments in 
which the peat accumulated. Environmental factors fundamental 
to the development and preservation of the deposit include: type 
of unconsolidated sediment and bedrock foundation; glacial 
processes that affected the surface morphology; surface and 
ground water regimes; climate; and influences of flooding, fires, 
and human activities. 

Use of the guide outlined in Table 3 should be supplemented 
by the Bedrock Geologic Map of Maine (Osberg et al., 1985) and 
the Surficial Geologic Map of Maine (Thompson and Borns, 
1985) for references. Each of the 270 mapped peat deposits was 
used as a model and was assigned a geologic setting code based 
on the system outlined in Table 3 and explained below. The 
setting code can be used to help predict whether or not a peat 
deposit may in fact be a peat resource by referring to the set of 
10 charts (Fig. 3). 

The two primary headings for peat deposits in Maine are: I, 
Deposits within the region of maximum marine invasion; and II, 
Deposits outside the region of maximum marine invasion. The 
location of a deposit relative to the marine limit is important (see 
Fig. 1 ). Isostatic depression of the crust by glacial ice, followed 
by a worldwide rise in sea level (Stuiver and Borns, 1975), caused 
much of southern Maine to be submerged by the ocean. The 
fine-grained sediments deposited during this period of inunda
tion provided settings particularly favorable to the formation of 
peat. The poor drainage caused by these silts and clays resulted 
in the development of wetlands in which peat could accumulate. 
In addition, climate, especially humidity, influences size, height, 
and amount of Sphagnum in economically significant raised 
bogs. The area between the marine limit and the present coastline 
typically has relatively high humidity which is conducive to both 
the growth of peat-forming vegetation and the preservation of 
their remains. 

The secondary headings of Table 3 refer to the major 
categories of underlying bedrock. The topography of Maine, 
although modified significantly by glacial processes, is bedrock 
controlled. The type and structure of the local bedrock influences 
the shape and orientation of preglacial valleys and basins which 
provide the settings for peat bogs. In addition, such economically 
important indicators as ash content, trace-element content, pH, 
and the occurrence of marl are related, at least indirectly, to the 
local or regional bedrock. 

The tertiary headings of Table 3 are based on a synthesis of 
factors related to surface and ground-water regimes, permeability 
and water-table fluctuations, as well as past and present effects 
of fires and flooding or ponding. Surface and ground-water flow 
rates, for example, affect soil chemistry and help control growth 
and decay of peat-forming vegetation. The greatest breakdown 
of peat fibers takes place in the zone of water-table fluctuation 
where aerobic bacteria help produce reed-sedge and Sphagnum 
peat. Extreme breakdown of peat fibers results in an ash content 
that is too high for commercial-quality peat. Introduction of clay 
or silt by streams also reduces resource potential by increasing 
ash content. In addition, a potentially economically valuable 
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raised bog may be destroyed by fue, or a currently economically 
valuable peat deposit may be concealed by ponding. 

Meddybemps Heath in Washington County (Fig. 4) il
lustrates how the guide may be used. The geologic setting code 
of Meddybemps Heath is IB8b, representing the following head
ings in the guide: 

I - Deposit within the region of maximum marine 
invasion 

B - Bedrock largely massive plutonic rock such as 
granite and gabbro 
8 - Deposit on glaciomarine sediments 

b - in basin or on plain between till ridges, gla
cial outwash, or till-covered bedrock ridges -
IB8b, see chart 2, Figure 3. 

This code symbol, IB8b, is keyed to Table 3 and in chart 2, 
Figure 3, showing predicted area, thickness and estimated ton
nages for peat deposits in Maine. The code symbol is plotted at 
the intersection of the lines representing the average thickness in 
feet and the area in acres. Note that this symbol is well above the 
minimum threshold value for identifying a potential resource, 
namely 80 acres resource minimum and 5 feet resource thickness. 
Meddybemps Heath as shown in Cameron et al., 1984, actually 
contains an estimated resource of 5,876,000 tons of air-dried peat 
covering 2,080 acres in thicknesses in some areas averaging 6 
feet, and in other areas averaging 16 feet. Heating value is in the 
range of 9000 to I0,000 BTU per pound and ash content is 
generally less than 5 percent. 

Deposits belonging to other classes of geologic settings -
IA8a, IB8a, and IA8b -- are also plotted on this chart. The 
deposits represented by all four codes generally have satisfactory 
to excellent resource potential if more than 80 acres in size. 
Those represented by codes IA8b and IB8b are most apt to have 
the greatest resource potential and serve as the best models in 
prospecting unmapped deposits. 

Chart 1, in contrast with chart 2 (Fig. 3 and Table 3) shows 
classes of peat deposits that are most unfavorable in terms of 
resource potential because, regardless of large tonnages, they 
tend to be less than 80 acres in area and/or Jess than 5 feet in 
thickness. 

Use of the guide together with state bedrock and surficial 
geological maps requires focusing attention on factors of the 
deposit's setting that determine whether or not exploitation can 
be economical. Consideration of these same factors is also 
required for preparation of statements on which the mining 
impacts on the natural environment and society are based. 

SUMMARY 

Demands for peat as an agricultural soil additive, horticul
tural material, and as a source of low-cost energy for home use 
have resulted in greatly expanding exploration of peat resources 
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as vast deposits are documented in tropical and temperate regions 
of the earth. Many foreign and domestic governments have 
undertaken surveys of their peat resources which, in tum, have 
encouraged studies of the peat-forming environments upon 
which quantity and quality of peat for a variety of applications 
may be predicted. 

Maine has been at the forefront in the area of peat investiga
tions. It was among the first states to apply the ASTM standards 
lo evaluating the quality of peat in the bog. It led the 14 states in 
state-resource evaluation programs set up in 1975 by the U.S. 
Department of Energy to determine the amount and location of 
fuel-grade peat. Peat Products of America, Inc. is presently 
developing a peat-fueled plant in eastern Maine. 

Investigations of Maine peat are broadening to include 
environmental interests to parallel resource studies. The in-depth 
study of the vegetation of Caribou Bog, Crystal Bog, and the 
Great Heath, and the hydrologic studies of the Great Heath and 
Denbow Heath are examples. 

Recognition of the use of the state's new bedrock and 
surficial geology maps in conjunction with recently available 
large scale topographic maps, has increased the function of the 
field guide to the identification and study of Maine peat deposits. 
It is especially useful in separating peatlands from wetlands and 
in determining those with commerical potential. The guide 's 
focus on geologic setting characteristics pertinent to genesis and 
diagenesis of peat may contribute insights in other areas of peat 
research. 
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ABSTRACT 

In the mountainous areas of north-central Maine, the highest peaks are commonly formed in hornfelsic rocks 
which surround Acadian plutons. Quartzites and felsic volcanic rocks form ridges and steep-sided mountains. The 
only summit supported by granitic rock is Mount Katahdin, which has a resistant cap of granophyre that overlies 
the weaker granular-textured granite. Lowlands are underlain by platonic rock, of both granitic and gabbroic 
composition, and by pervasively cleaved pelitic rocks. 

In Maine, the area of greatest relief occurs in a northeast-trending belt, referred to here as the Central 
Highlands. High peaks that exceed 4000 feet (1220 m) are most abundant in the Rangeley area, western Maine. The 
highlands continue into New Hampshire to the even higher peaks of the Presidential Range. In the center of the 
belt, near Greenville, there are no peaks that rise above 4000 feet (1220 m). All other high elevations are associated 
with the Katahdin massif, near the northeastern terminus of this mountainous region. The rugged topography of 
the Central Highlands has formed from the erosion of the Acadian orogen, which was either originally higher toward 
the southwest or has been differentially uplifted by one or more subsequent thermal events. 

Trellis drainage systems are best developed in areas of low-grade, regionally metamorphosed sandstones and 
petites. Major streams are largely parallel or perpendicular to the fold axes. Radial drainage patterns are found 
on many of the higher summits, such as Katahdin, Big Squaw, Sugarloaf, and Jo-Mary Mountains. 

Lake basins formed in areas of plutonic rock dominate the headwaters of the major rivers that drain the 
mountainous region of north-central Maine. However, lakes are conspicuously absent in the drainage system once 
the rivers leave the highlands. Lake basins are locally common in the highly cleaved petites that underlie the 
Northern Lowlands north of the Central Highlands. 

INTRODUCTION 

It has long been recognized that in regions where erosion 
has become the principal agent of landscape evolution, 
topographic expression is governed by the relative resistance of 

the underlying bedrock (Davis, 1909). Resistance is largely 
determined by rock composition, texture, and planes of weakness 
that are either inherent (e.g. bedding planes) or the result of 
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deformation (e.g. jointing or cleavage). In the Appalachian 
Highlands from Alabama to Vermont, Hack ( 1979) has 
demonstrated that topography is controlled by lithology, and that 
recent differential uplift cannot account for the relief observed. 
In New Hampshire, Thompson ( 1985) has shown that the relief 
of Mt. Monadnock is related to lithology; a refolded quartzite 
package supports the summit while plutonic and less resistant 
metasedimentary rocks underlie the adjacent lowlands. 

The mountainous area of north-central Maine is underlain 
by Precambrian to Middle Devonian metasedimentary and 
plutonic rocks. The most influential control on relief in this area 
is clearly the variability of the lithologies exposed. A generalized 
list of lithologies occurring in north-central Maine is presented 

in Table I. The various rock types are arranged, from top to 
bottom, in order of decreasing resistance to erosion. 

Other factors being equal, a terrain composed entirely of 
rocks having the same resistance will not exhibit as high relief 
as one underlain by a variety of rock types. For example, the 
Katahdin region has a maximum relief of 4800 feet ( 1500 m) and 
is underlain by tough granophyre and felsic volcanic rocks, and 
relatively weak granular-textured granite. The maximum relief 
within the Chain Lakes massif (2200 feet; 670 m), composed 
entirely of resistant gneisses and granofels, is substantially less, 
even though the region has apparently received a much greater 
amount of uplift. Areas predominately underlain by weak slates 
may exhibit relief of only a few hundred feet, such as the Central 

TABLE I. RELATIVE RESISTANCE OF ROCK TYPES EXPOSED IN MAINE AND RELATED PHYSIOGRAPHIC FEATURES. EXAMPLES 
OF REPRESENTATIVE FORMATIONS AND ROCK UNITS ARE PRESENTED IN ITALICS. 
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FELSIC VOLCANICS 
Traveler Range 
Mount Kineo 
Big Spencer Mountain 

Traveler rhyolite 
Kineo rhyolite Member of the 
Tomhegan Fm. 

GNEISS & GRANOFELS 
Kibby Mountain 
Snow Mountain 
Caribou Mountain 

Clrai11 lakes massif 

GRANITES (including quartz monzonite) 
Katahdin Lowlands 
Flagstaff Lake 
Richardson and Mooselookmeguntic Lakes 
Attean Basin 

GAB BRO AND UL TRAMAFIC PLUTONS 
Moxie pl111011 (trnctolite-diorite) 

GRANOPHYRE, APLITE, etc. 
Mount Katahdin 
Catheart Mountain 

Summit facies of tire Katahdi11 pluton 
Cathedral facies of tire Katalrdin pluton 
Quartz porphyry a11d apliricfacies of the 

Attean pl11to11 

MET ASANDSTONES 
Misery Ridge 
Coburn Mountain 
Charlestown Ridge 

Tarratine Fm. 
Madrid Fm. 

HORNFELS & GRANOFELS 
Big Squaw-Ragged Mountain Range 
White Cap Mountain 
Jo-Mary Mountain 
Saddleback Mountain 

Big Squaw Mountain 
Bigelow Range 
Onawa Range 
Oakfield Hills 

Seboomook Fm. 
Carrabassett Fm. 

ANDESITE & BASALT 
Lobster Mountain 
Little Spencer Mountain 
Chase Mountain Range 

Lobster Mountain 1•olca11ics 

Doublerop Facies of the Katalrdi11 pluton 
Flagstaff Igneous Complex 
Attean quart: monzonite (coarse-grainedfacies) 

SLATES 
Seboomook Fm. 
Tonhegan Fm. 
Carrabassett Fm. 
Allsbury Fm. 
Kennebec Fm. 
Dead River Fm. 
Quimby Fm. 

single cleavage 
(most Devonian slate) 

multiple cleavages 

Northern Maine Lowlands 
Moose River Valley 
Moosehead Lake (North Bay) 
Central Lowlands 

(pre-Silurian and most Silurian slates) Kennebec Valley 

MELANGE (scaly matrix) 
Hurricane Mountain melange 

Moosehead Lake (Spencer Bay) 

Rangeley Lake 

Kennebec Valley (Indian Pond) 



Geomorpholof?y of north-central Maine 
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2 Aroostook Valley 
3 Central Uplands 
4 Coasta l Lowlands 

Figure 1. Physiographic subdivisions of Maine according to Toppan 
( 1935). The average elevation of each division, as defined by Toppan, 
is as follows: ( 1) the Moosehead Plateau, 1000 feet (305 m); and (2) 
the Aroostook Valley, 700 feet (213 m); (3) the Central Uplands, 500 
feet ( 152 m); (4) the Coastal Lowlands, 100 fee t (30 m). 

Maine Lowlands and much of the Northern Maine Lowlands 
(defined in the following section). 

Previous Work 

Toppan ( 1932, 1935) classified the physiographic divisions 
of Maine (Fig. 1) in terms of erosion surfaces defined by average 
land elevation. He stated that with very few exceptions, differen
ces in land elevation were unre lated to bedrock geology. Accord
ing to Toppan, his Central Uplands (see Fig. 1) are an upli fted, 
eastward dipping peneplain, composed "almost entirely of resis
tant metamorphic rock." Toppan 's Moosehead Plateau (Fig. I), 
having an average elevation of I 000 feet (300 m), was considered 
to be a deeply eroded Tertiary peneplain, with an "eroded escarp
ment" separating the plateau from the Central Uplands. While 
recognizing that the escarpment paralleled the regional strike, 
Toppan was unable to explain its origin. We find that, in part , 
this prominent topographic feature marks the transition from 
resistant hornfels to greenschist facies slates and sandstones. The 
hornfels delineates the western limb of the Kearsarge - central 
Maine synclinorium where Upper Silurian - Lower Devonian 
pelitic rocks, principally the Carrabassett Formation, were in-

truded by Acadian plutons. Espenshade and Boudette (1967) 
discussed the belt ofhornfels that bordered the Moxie pluton and 
demonstrated that the higher elevations were controlled by the 
resistance of the hornfels, while plutonic rocks underlie the 
valleys and low hills in the area (Hanson and Caldwell, 1983; 
Caldwell and Hanson, 1987). Griscom ( 1976), Hon ( 1980), and 
Rankin and Hon ( 1987) have discussed the origin of the re lief 
within the Katahdin pluton. 

Denny ( 1980) presented a generalized geomorphic clas
sification of New England (Fig. 2) in which he related topography 
to rock type and struc ture. However, the scale at which he 
worked ( 1: 1,000,000) prevented any detailed analysis. The 
geomorphic classification presented here is based upon a more 
detailed analysis of local topography as determined by bedrock 
structure and lithology. 

Physiographic Provinces and Regional Context 

The geomorphic provinces defined in this paper are il
lustrated in Figure 3. Underlying lithology and structure along 
with topography form the basis of these divisions. Although each 
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4 New Brunswick Highlands 
5 Hudson-Green-Notre Dame 

Highlands 
6 Connecticut Valley 
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8 Hudson -C hampla in Lowlands 
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Figure 2. Denny's ( 1980) classification of the physiographic provinces 
of New England. Denny noted that topography of the Central Highlands 
was associated with more resis tant and generally higher grade 
metasedimentary rocks than the lowlands in nonhem Maine (Upper St. 
John River Lowlands) and in the interior (Coastal Lowlands). Provinces 
are defined on the basis of watershed boundaries and topography and 
not underlying geology. 
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Figure 3. Physiographic subdivis ion of Maine defined in this report. Underlying structure and lithology along with topography form 
the basis of these divisions. The rectangular area outlines the area discussed in detail. The letters G, M, and H locate the towns of 
Greenville, Millinocket, and Houlton, respectively. Major anticlines (dotted) and synclines (dashed) referred to in text are, from west 
to east, the Boundary Mountains anticlinorium (BMA), Moose River synclinorium (MRS), Lobster Mountain anticlinorium (LMA), 
and the Roach River synclinorium (RRS). 
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province will be discussed briefly, only those of central Maine 
(rectangle in Fig. 3) will be discussed in detail. 

The Central Maine Highlands, the most mountainous 
province in Maine, extend from the New Hampshire border 
through the Rangeley Lakes region, and continues 200 miles 
northeastward towards the New Brunswick border, near Houlton. 
The highlands lie almost entirely within the northwestern margin 
of the Kearsarge - central Maine synclinorium (Lyons et al., 
1982), a broad belt of regionally-deformed, Silurian through 
Lower Devonian, deep-water sediments which have been locally 
intruded and contact metamorphosed by Upper Silurian (?) 
through Devonian plutons (Espenshade, 1972; Espenshade and 
Boudette, 1967; Boone, 1970, 1973; Vehrs, 1975; Hanson, 1988). 
Mean elevation of the highlands belt, along with metamorphic 
grade and depth of erosion, progressively decreases towards the 
northeast. Topography is strongly related to the regional struc
ture and the occurrence of plutons. 

The Boundary Mountains Highlands, along the 
northwestern Maine border near Quebec, contain the south
western portions of the Boundary Mountains and Lobster Moun
tain anticlinoria (Albee, 1961 ). As the northern extension of the 
Bronson Hill anticlinorium to the south, these belts are composed 
of pre-Silurian basement rocks that were accreted to the North 
American margin during the Taconic orogeny. An irregular, 
random topography has been developed on the crystalline rocks 
underlying most of this province. The mountainous areas are 
composed of resistant gneisses or granofels, hornfelsic and vol
canic rocks, and fine-grained plutonic rock (Albee and Boudette, 
1972; Boone, 1970; Boudette and Boone, 1976) while basins are 
largely underlain by coarser-grained plutonic rocks. 

The Northern Maine Lowlands, the largest province, are 
characterized by predominantly low-grade (prehnite-pumpel
lyite and greenschist facies), Cambrian through Middle 
Devonian metasedimentary and volcanic rocks (Richter and Roy, 
1976; Osberg et al., 1985). Topography reflects the excavation 
of fold belts of predominantly pelitic rocks, uncomplicated by 
Devonian intrusions. 

The Lobster Mountain - Moose River Lowlands, discussed 
here in detail, can be considered a southwesterly-trending arm of 
the Northern Lowlands, beginning along the Penobscot - Ken
nebec drainage divide (Fig. 7) and terminating just beyond the 
New Hampshire border. Located between the Boundary Moun
tains Highlands and the Central Maine Highlands, the Lobster 
Mountain - Moose River Lowlands are underlain by the Lower 
Devonian metasedimentary and volcanic rocks of the Moose 
River synclinorium (Boucot, 1961; Boucot and Heath, 1969) and 
the pre-Silurian melange, phyllite, and volcanic rock of the 
Lobster Mountain anticlinorium (Boone, 1983; Osberg et al., 
1985). The lowlands are divided by a long, continuous ridge of 
Devonian quartzite and volcanic rocks. The ridge and adjacent 
valleys resemble, but on a much smaller scale, the Valley and 
Ridge Province of the middle Appalachians. The southern tip of 
the province is the only portion underlain by igneous and high
grade metamorphic rocks. 

The Central Maine Lowlands and Coastal Province are 
largely outside of the study area, but will be summarized briefly 
here. The Central Maine Lowlands occupy the axis and southern 
margin of the Kearsarge - central Maine syncl inorium and por
tions of the Aroostook - Matapedia belt. Excluding the southern 
portion, this province is largely underlain by tightly folded and 
relatively weak slate, phyllite, metasandstone, and limestone. 
The weak underlying rocks account for the region's extremely 
low relief, rarely exceeding one hundred feet. Highlands are 
locally ridges of more resistant sandstone (e.g. Madrid Forma
tion) or irregular hills related to contact metamorphism. Local 
intrusions largely postdate Acadian folding and abruptly truncate 
structural belts, in contrast to the Central Maine Highlands where 
fold belts often appear to be deflected near plutons. Contact 
aureoles are also less well defined by topography, forming hills 
and low mountains with peaks generally less than 1500 feet. 
This, in part, may be a function of the host rock composition (i.e. 
sandstones, limestones and/or conglomerates instead of pelite
rich rocks) and prior metamorphic history. 

Topography of the Coastal Province has developed on 
metasedimentary and plutonic rocks of the Avalon Terrane. 
Greater than fifty percent of the province is underlain by plutonic 
rock and is characterized by multibasinal drainage systems. 
Most streams east of the Penobscot River are developed in 
plutonic rocks and have strong southward orientations. This 
orientation most likely reflects the preferred excavation of joints 
that paralleled the direction of dominant glacial flow in the 
Pleistocene. Streams west of the Penobscot River flow through 
metasediments and exhibit a southwestward trend, parallel to 
regional faults and structural strike. North of the Saco River, the 
coastline is highly indented, containing numerous linear embay
ments. The smooth and arcuate shoreline to the south can be 
attributed to the parallel orientation of the regional structure with 
the shore, less intense glacial excavation, and a greater 
availability of sediment provided by streams and deposits of 
glaciomarine sands. Proximity of the Sebago pluton may also 
influence the volume of sediment provided to the southern Maine 
coast. Like most Maine plutons, the Sebago pluton, subject to 
rapid granular disintegration, was a great producer of sand during 
late Wisconsinan glaciation (Thompson and Borns, 1985). 

CENTRAL MAINE HIGHLANDS 

Topography 

In western Maine, the Central Maine Highlands are more 
than 45 miles (73 km) wide. The province narrows toward the 
northeast to less than I 0 miles (16 km) near the Oakfield Hills. 
Several mountain ranges comprise the Central Maine Highlands. 
From west to east they are the: Mahoosuc Range, Blue Range 
(Longfellow Range), Bigelow Range, Squaw Mountain - Ragged 
Mountain Range, Onawa Range, Katahdin and Traveler Ranges, 
Chase Mountain Range, and Oakfield Hills (Fig. 4). 
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Figure 4. Mountain ranges of north-central Maine. Numbers refer to individual mountain ranges and their names and elevations are 
listed in Table 2. 

With the exception of the Katahdin region, there is a regional 
increase in summit elevations toward the southwest into New 
Hampshire, where several peaks in the Presidential Range exceed 
5000 feet ( 1524 m). Although Mt. Katahdin at 5268 ft ( 1606 m) 
is the highest in Maine, there is a greater number of high peaks 
(those exceeding 4000 feet; 1219 m) in the southwestern portion 
of the highlands. In fact, with the exclusion of Katahdin and 
North Brother (4143 ft; 1263 m), all other high peaks in Maine 
are found to the southwest (Fig. 4; Table 2). These include 
Sugarloaf (4237 ft; 1291 m), Old Speck Mountain (4180 ft; 1274 
m), Bigelow Mountain (4150 ft; 1265 m) Saddleback Mountain 
(4 116ft; 1255m),andMountAbraham(4049ft; 1234m). There 
is a gap of more than 80 miles (128 km), between Bigelow 
Mountain and Mount Katahdin, in which there are no mountains 
that exceed 4000 feet (1219 m) in elevation. The increase in 
elevation toward the southwest is illustrated in the generalized 
map of altitudes shown in Figure 5. When the higher peaks across 
the border in the White Mountains of New Hampshire are 
included, this trend becomes even more striking. 

Many earlier workers have attempted to explain this trend 
in summit elevations. Toppan (1935) believed the regional 
decrease in elevation toward the northeast was related to a 
dissected sloping erosion surface. Goldthwait (1914) believed 
that the so-called Presidential Peneplain extended from the 
higher summits in the White Mountains, across many of the high 
peaks of the Central Maine Highlands, to the Tableland of Mount 
Katahdin. As will be discussed later, evidence suggests that 
differential uplift, resulting in a southwest-to-northeast tilting of 
the Acadian orogen, occurred in the late Paleozoic and/or 
Mesozoic. This regional tilting is most likely responsible for the 
observed trend in summit elevations. 
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Figure 5. Generalized hypsometric map of Maine and New Hampshire 
(modified from Denny, 1980). This map illustrates the regional increase 
in elevation and upward tilt toward the southwest into the White 
Mountains. Associated with the increasing elevation is a higher 
regional metamorphic grade and greater depth of excavation. 
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TABLE 2. MOUNTAIN RANGES AND SUMMIT ELEVATIONS FOR MOUNTAINS IN CENTRAL AND WESTERN MAINE. 
SEE FIGURE 4 FOR LOCATIONS. 

CENTRAL MAINE HIGHLANDS 

A. OAKFIELD HILLS 
(including neighboring mountains) 
l Robinson Mountain 

B. CHASE MOUNTAIN RANGE 
2 Chase Mountain 

C. TRAVELER RANGE 
3 Traveler Mountain 

Center Mountain 

D. KAT AHDIN RANGE 
4 Turner Mountains 

North Turner 
South Turner 

5 Katahdin (Baxter Peak) 
6 Doubletop 

North Brother 
Coe 
OJI 

E. BIG SQUAW- RAGGED MOUNTAIN RANGE 

Feet 
!026 

2440 

3541 
2902 

3323 
3122 
5268 
3600 
4143 
3764 
3520 

7 Jo-Mary Mountain 2904 
8 Ragged Mountain 1303 
9 Saddleback Mountain 2998 

Big Wilkie 1650 
Little Wilkie 2093 

10 White Cap Range 
White Cap Mountain 
Big Shanty Mountain 
Little Shanty 
Big Spruce Mountain 

11 Little Squaw Mountain 
12 Big Squaw Mountain 

L. ONAWA RANGE 
13 Barren Mountain 
14 Boarstone Mountain 

F. BIGELOW RANGE 
15 Bigelow Mountain 

G. BLUE (LONGFELLOW) RANGE 
16 Sugarloaf Mountain 
17 Mount Abraham 
18 Saddleback Mountain 

H. MAHOOSUC RANGE 
20 Old Speck Mountain 

Geology 

3707 
2800 
3 152 
3104 
2 140 
3 190 

2671 
1960 

4150 

4237 
4049 
4116 

4180 

Rocks of the Central Maine Highlands are predominantly 
Silurian and Lower Devonian pelitic metasedimentary as
semblages that were defonned and intruded during the Early 
Devonian Acadian orogeny. Nearly all of the high peaks south
west of the Katahdin - Traveler Range are held up by hornfelsic 
rock, or high-grade metamorphic rocks lacking a well developed 
schistosity or pervasive cleavage. Within the Katahdin - Traveler 
Range and to the north, most peaks are held up by volcanic rock, 
granophyre, and/or hornfels. 

LOBSTER MOUNTAIN - MOOSE RIVER LOWLANDS 

LOBSTER MOUNTAIN ANTICLINORIUM 
21 Hurricane Mountain 
22 Dead River Mountain 
33 Lobster Mountain 
34 Little Spencer Mountain 

MOOSE RIVER SYNCLINORIUM 
I. TARRATINE RANGE 

23 Coburn Mountain 
24 Cold Stream Mountain 
25 Misery Ridge 
26 Blue Ridge 

J. KlNEO RANGE 
26 Blue Ridge 
28 Mount Kineo 
29 Little Kineo 
30 Eagle Mountain 
3 I Norcross Mountain 

ROACH RIVER SYNCLINORIUM 
27 Black Cap Mountain 
35 Big Spencer Mountain 

NORTHERN MAINE LOWLANDS 
36 Soubunge Mountain 

BOUNDARY MOUNTAINS HIGHLANDS 

K. BOUNDARY MOUNTAINS 
37 West Kennebago Mountain 
38 Kennebago Mountain 
39 Snow Mountain 
40 Kibby Mountain 
41 No. 5 Mountain 
42 Attean Mountain 
46 Sally Mountain 
47 Cathcart Mountain 

3825 
2000 
2280 
2990 

3710 
2520 
2128 
1877 

1877 
1806 
1927 
1685 
1616 

1963 
3230 

2104 

3705 
3825 
3948 
3538 
3168 
2442 
2221 
2281 

Topography Related to Contact Metamorphism. Many 
mountain ranges in the Central Maine Highlands are composed 
of homfelsic turbidite strata of a predominantly pelitic composi
tion (Fig. 4; Tables 1 and 2). The strong interlocking texture 
makes these rocks more resistant than their foliated, regionally
metamorphosed counterparts which are inherently less resistant 
(Fig. 6). 

The height and width of a contact aureole is controlled by 
the temperature and dimensions of the pluton, water content, 
composition and temperature of the country rock, depth of 
intrusion, and the orientation and position of the pluton relative 
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Figure 6 a. Slates of greenschist facies metamorphic grade exposed on 
Route 15 south of Greenville. Slates are pervasively cleaved and 
therefore inherently weak. Broad lowlands are developed where large 
tracts of slate are exposed, such as the broad belt of Ordovician (?) 
through Lower Devonian slates of the Central Lowlands. 

Figure 6b. Homfelsic equivalent of rocks shown in Figure 6a; here 
exposed west of Greenville along Routes 15 and 6. This resistant 
lithology has a durable, interlocking granoblastic texture, and contains 
varying amounts of cordierite, sillimanite, andalusite, quartz, mica 
(primarily biotite), and feldspar (Espenshade and Boudette, 1967). 
Inherent planes of weakness, such as bedding or cleavage planes have 
been annealed or are lacking. 

Figure 6c. Similar rocks exposed on Harrington Lake (northwest of 
Millinocket), mapped as Seboomook Formation by Griscom (1976). 
These argillaceous rocks, located close to the margin of the Katahdin 
pluton, show very little contact metamorphism and do not demonstrate 
the well developed slaty cleavage seen in Figure 6a. However, these 
rocks do exhibit "pencil structure" (Reks and Gray, 1982) where the 
intersection of bedding with cleavage results in the formation of elon
gate microlithons. This type of structure characteristically forms along 
fold axes. This rock is easily eroded. 

Figure 6. Effects of deformation and metamorphism on the resistance of pelitic rocks, in this case, some Lower Devonian thin-bedded 
turbidites of the Carrabassett (a and b) and Seboomook (c) Formations. 

to the country rock. Thick, inclined, sheet-like plutons have 
wider aureoles on the "headwall" side of the intrusion than on the 
underside, especially in cases associated with water-rich mag
mas. Guidotti et al. ( 1986) have demonstrated in their study of 
the Carboniferous Sebago pluton (located in the Central 
Lowlands) that there is a higher grade ofregional metamorphism 
(sillimanite and K-feldspar grade) closely related to thermal 
effects on the northern rim of the northward dipping tabular 
intrusion. Along the southern side of the pluton the rocks reach 
only sillimanite grade (Guidotti et al., 1986). This difference in 
metamorphism is related to the ease with which fluids can move 
upward as compared to moving downward (Guidotti et al., 1986). 
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In the northern half of the Central Maine Highlands, where 
adjacent metasedimentary rocks are commonly weak slates or 
phyllites, the relationship between topography and thermal 
metamorphism is clearly visible; hornfels forms highlands and 
adjacent slaty rocks form lowlands. However, these relation
ships become less noticeable in the higher grade terrain ~o the 
south. Multiple intrusive events coupled with higher grade 
regional metamorphism have produced granofels, porphryoblas
tic schists, and gneisses, many of which are highly resistant. The 
sharply contrasting topography, such as that affiliated with slate
homfels associations clearly seen farther north, does not exist or 
is less obvious in regions of high-grade metamorphism. 
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Figure 7. Location of lake basins relative to plutons. With very few exceptions, lowland regions in Maine tend to be underlain by 
either low-grade metapelitic rocks or plutonic rocks. In the Northern Lowlands, basins are underlain by slate or phyllite. However, 
in the Central Maine Highlands, lake basins are invariably related to plutonic rocks. The key to plutons and some of the lakes which 
occur within them are given in Table 3. Major river basins are shown by heavy dotted lines. 

When not associated with highly cleaved metasedimentary 
rocks, broad lowlands within the Central Maine Highlands, 
which are commonly occupied by lakes, are invariably underlain 
by plutonic rock (Fig. 7). Although many lowlands here are 
supported by plutons, not all intrusive rocks form lowlands. This 
apparent contradiction occurs because most plutons are not 
texturally homogeneous. A pluton may have been protected by 
resistant cap rock, such as a recently removed homfelsic roof 
pendant. Also, finer grained, more resistant border facies com
monly are associated with margins of plutons. As erosion 
proceeds from the top of the pluton outward, the center of the 
pluton is exposed first and is rapidly excavated. The perimeter 
of the pluton, composed primarily of more resistant border facies, 
are the last to go and may form highlands adjacent to the homfels. 
A good example of this relationship occurs near the summit of 
Big Squaw Mountain, where fine-grained border facies of the 
Moxie pluton is in contact with injection homfels. These 
relationships are illustrated with other specific examples in the 
following section. 

Highlands in the Contact Aureoles of the Moxie and 
Related(?) Plutons. Highlands composed of homfelsic rock are 
commonly irregular and broadly encompass equally irregular 
basins underlain by plutonic rock. The Big Squaw - Ragged 
Mountain Range is a good example of the variable shapes and 
sizes of these mountains (Fig. 8). In Greenville, the width of the 
range is closely controlled by the width of the Moxie pluton, 
which varies from 1.5 to 6 miles (2.5 to 10 km). The widest 
portions of the pluton are bulb-shaped and are associated with 
broad homfels highlands, as at Big and Little Squaw Mountains. 
Hon and Schulman ( 1983) believe these bulb-shaped emanations 
in the Moxie pluton may have led to overlying volcanic centers. 

Figure 8. Irregular topography typical of mountainous regions under
lain by homfelsic and plutonic rocks. These homfels mountains com
prise a portion of the Big Squaw - Ragged Mountain Range and are 
associated with the mafic Moxie pluton. This southeasterly view of the 
range, from Moosehead Lake, shows a broad lowland in the foreground, 
occupied in part by the Moxie pluton. The first hornfels ridge is Prong 
Pond Mountain. The White Cap Range lies in the background, and a 
valley, underlain by a portion of the Moxie pluton, separates the two 
highlands. 

Therefore, these areas stayed hotter for a longer period and acted 
as conduits for more water-rich phases than the thinner portions 
of the pluton. Width of the highland may a lso be influenced by 
the dip of the pluton. Geophysical surveys and asymmetrically-
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TABLE 3. LAKES ASSOCIATED WITH PLUTONS IN CENTRAL 
AND WESTERN MAINE. SEE FIGURE 7 FOR LOCATIONS. 

CENTRAL MAINE HIGHLANDS 

A. KATAHDIN PLUTON Feet 
Millinocket Lake 478 
Ambajejus Lake 492 
Pemadumcook Lake 492 
Jo-Mary Lake 493 
Upper Jo-Mary Lake 525 
Rainbow Lake 1046 
Nahmakanta Lake 646 
Katahdin Lake 1022 
W. Branch Penobscot River 335 
(Dolby Pond) 

B. MOXIE PLUTON 
Moosehead Lake 1029 
(eastern margin) 
Upper Wilson Pond 1123 
Prong Pond 1030 

C. SEBOEIS LAKE - SCHOODIC PLUTON 
Seboeis Lake 438 
Schoodic Lake 429 
Endless Lake 41 1 

D. BALD MOUNTAIN PLUTON 
Austin Pond 
Bald Mountain Pond 

E. LEXINGTON PLUTON 

F. SUGARLOAF 

G. READINGTON PLUTON 

H. PHILLIPS PLUTON 

1184 
1213 

I. MOOSELOOKMEGUNTIC & UMBAGOG PLUTONS 
Mooselookmeguntic Lake 1467 
Upper and Lower Richardson Lakes 1448 
Umbagog Lake 1245 

J. ONAWA PLUTON 
Lake Onawa 
Indian Pond 

537 

LOBSTER MOUNT AJN - MOOSE RIVER LOWLANDS 
(plutons restricted to the southern end of the Lobster Mountain an
ticlinorium) 

L. PIERCE POND GABBRO 
Pierce Pond 

M. FLAGSTAFF LAKE IGNEOUS COMPLEX 
Flagstaff Lake 
South Branch Dead River 

BOUNDARY MOUNTAINS HIGHLANDS 

R. SPIDER LAKE PLUTON 

S. A1TEAN PLUTON 
Attean Basin 

Attean Pond 
Wood Pond 
HolebPond 
No. 5 Bog 

CENTRAL MAINE LOWLANDS 

Q. SEBEC PLUTON 
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Sebec Lake (west End) 

P. HARTLAND PLUTON 
Great Moose Lake 

0 . SONGO AND SEBAGO PLUTONS 
Sebago Lake 

1142 

1146 
2000-1146 

1159 
1159 
1231 
1190 

322 

245 

267 

dipping igneous laminations indicate that the Moxie pluton dips 
toward the southeast (Hon, pers. commun., 1987). 

The contact aureole related to the Katahdin laccolith is 
variable and commonly poorly defined by topography. Unlike 
the Moxie pluton, there is not a high homfels rim surrounding 
the Katahdin granite. Where the granite intrudes the Seboomook 
Formation at Harrington Lake there is very little to no contact 
aureole. This is somewhat of an enigma considering the size of 
the pluton. However, the edge of the laccolith may have been 
quite thin along the northwest margin. Also, the pluton was 
emplaced at a temperature only slightly greater than 700°C (Hon, 
1980), which may not have been high enough to develop an 
extensive aureole. 

Along the southeastern margin of the Katahdin pluton lies a 
belt of hornfels that is over four miles wide. This belt contains 
such mountains as White Cap Mountain, Big and Little Shanty 
Mountains, Big and Little Spruce Mountains, Saddleback Moun
tain, Big and Little Wilkie Mountains, Jo-Mary Mountain, and 
Ragged Mountain. All lie within the northeastern half of the Big 
Squaw - Ragged Mountain Range. The contact of the Katahdin 
pluton with the country rock (largely of the Carrabassett Forma
tion) is characterized by a tract of migmatite containing local 
diorite bodies (Hanson, 1988). These diorite bodies suggest that 
the Katahdin pluton may not have been entirely responsible for 
the extensive belt ofhornfels found along its southeastern margin. 
Instead, they may attest to the incipient unroofing of a larger 
underlying, southeasterly-dipping mafic body, such as that ex
posed to the southwest where the level of erosion is deeper and 
where the Moxie pluton has been entirely unroofed. Migmatite 
and injection homfels, similar to that seen in the Jo-Mary Moun
tain area, is exposed in rocks overlying and adjacent to the Moxie 
pluton on Big Squaw Mountain. 

The Onawa pluton is a diorite (Philbrick, 1936), probably 
related to the Moxie pluton, that has developed a well defined 
contact aureole. The pluton itself underlies a large basin oc
cupied in part by Onawa Lake and surrounded by very steep 
mountains, such as Borestone, Barren, Columbus, Chairback, 
and Benson Mountains. The steep cliffs on Bores tone and Barren 
Mountains (Fig. 9), overlooking the basin of Onawa Lake, 
suggest that the pluton is a stock having nearly vertical contacts 
with the surrounding country rock. 

Plutonic and Volcanic Massifs. With few exceptions, mafic 
and intermediate phaneritic rocks form low lands because of their 
lower relative resistance compared to surrounding hornfels or 
fine-grained border facies. Minerals associated with mafic rocks 
(e.g. pyroxene, plagioclase, am phi bole, etc.) are highly receptive 
to chemical weathering and as a result, the rocks undergo rapid 
granular disintegration or spheroidal weathering (Goldich, 
1938). In Greenville, the chill zone of the Moxie pluton is 
composed of fine to medium-grained gabbro which weathers 
spheroidally. This finer-grained gabbro is apparently more stable 
than the coarse-grained cumulate gabbro which formed within 
the interior of the pluton and which underlies the lowest portion 
of the Moxie trend. Fine-grained gabbro in contact with 
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Figure 9. The relative resistance exhibited by homfels, slate, and plutonic rock is illustrated in this region surrounding and overlying 
the Onawa pluton. The lowland containing Lake Onawa and Bodfish Intervale is underlain by deeply weathered diorite. The 
surrounding steep ridges are homfels and migmatite produced in the Carrabassett Formation. The low-lying area occupied by Big 
Greenwood Pond in the southwest corner of the map is underlain by slates and thin-bedded sandstones of the same formation. 

melasedimentary rocks on Big Squaw and Trout Pond Mountains 
attests to a greater resistance and possibly also to a more recent 
unroofing. 

Differences in the style and relative rates of weathering in 
igneous rocks of the same composition are a function of the 
complexity of grain sutures. Euhedral to subhedral crystals have 
straight boundaries and are commonly associated with the coar
ser phaneritic rocks. In fine-grained rocks, in particular 
granophyric rocks, grains are commonly anhedral and complexly 
intergrown, fanning a highly resistant texture. 

Variations in resistance related to texture are well illustrated 
in the Katahdin pluton, a large granitic laccolith having an 
exposed area of approximately 800 mi2 (2000 km2

). Most of the 
pluton fonns low hills, lake basins, and river valleys with an 

average elevation of about IOOO feet (Hon, 1980; Caldwell and 
Hanson, 1987). However, Mount Katahdin, the highest moun
tain in Maine, and its surrounding peaks are also underlain by the 
same pluton. Thus, the Katahdin pluton has the highest local 
relief (approx. 4800 feet; 1463 m) of any rock body in Maine 
(Fig. I Oa), and likely of any rock unit east of the Colorado Front 
Range. 

The tremendous variation in elevation exhibited by the 
pluton can be related to the textural characteristics of the different 
granitic facies (Griscom, 1976; Hon, 1980; Rankin and Hon, 
1987) within the pluton. The least resistant and most ubiquitous 
is the Doubletop facies, having a medium- to coarse-grained 
granular texture produced by slow cooling deep within the 
interior of the pluton. Grain boundaries are poorly sutured (Fig. 
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Figure I Oa. The tremendous relief demonstrated here by the Katahdin 
pluton, is a function of the varying erosional resistance exhibited by the 
facies within the igneous body. The top of the mountain is protected by 
the Summit facies, seen here in the foreground. The adjacent lowlands 
are underlain by the less resistant Doubletop facies. 

Figure !Ob. This photomicrograph illustrates the coarse, granular tex
ture of the Doubletop facies. The non-interlocking texture prevents 
grains from remaining together as weathering progresses, resulting in 
the granular disintegration seen in Figure I Oc. The effect of texture is 
somewhat analogous to different types of jigsaw puzzles: those with 
highly intricate, interlocking edges will hold together when picked up; 
a puzzle composed of polygonal pieces with straight edges will always 
fall apart. 

Figure !Oc. Granular grus, developed by the grain-by-grain disintegra
tion of the Doubletop facies. Most of the lowlands overlying the pluton 
are underlain by this facies. Separated quartz and feldspar crystals 
compose the sandy beaches formed along the many lakes which occupy 
the Katahdin lowlands. 

Figure IOd. The strongly interlocking texture of the Summit facies 
makes this facies particularly tough. Note the intricately intergrown 
quartz and feldspar crystals. 

Figure 10. Relief within the Katahdin pluton. 

!Ob) and once exposed, the facies undergoes rapid granular 
disintegration (Fig. I Oc ). 

Above the Doubletop facies, the granite grades into the 
uppennost Summit facies, a resistant granophyre. Granophyres 
are fonned from the crystallization of chilled border phases of 
granitic plutons. As the top of the Katahdin laccolith was 
quenched against its overlying volcanic (Hon, 1980) and 
sedimentary cover, a glass was produced. Later devitrification 
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of the chill zone produced the granophyre of the Summit facies. 
The intri cately intergrown feldspar and quartz form a 
micrographic texture (Fig. I Od) which resists chemical and 
physical weathering. 

Geomorphology of the Katahdin Massif The broad 
Tableland of Mount Katahdin (Fig. l l) is in part analogous to a 
mesa where a less resistant underlying lithology, in this case the 
Doubletop facies, is protected by a more resistant cap rock. As 
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Figure 11 . Panoramic view of the Katahdin laccolith taken from the 
northeast, near Oakfield Hills. The retreating south-facing slope is to 
the left . The arcuate surface reflects that of the laccolith and dips 
beneath Traveler Mountain to the far right (north). 

Figure 12. View of a portion of the Tableland above the Saddle Slide. 
This apparently flat surface of Katahdin known as the "Table land", was 
thought to have been an uplifted peneplain (Goldthwait, 1914; Toppan, 
1935). Recent studies indicate that the surface is controlled by a 
resistant granophryric facies which borders the top of the laccolith. 

viewed from the east (Fig. 12), the broadly curved upper surface 
of the laccolith is still discernible, but has been highly dissected 
on either side of Katahdin. Previous workers have described the 
origin of the Tableland as either the product of cryoplanation 
(Thompson, 1960) or as an uplifted peneplain (Goldthwait, 
1914). The southeast slope of the mountain is undergoing paral
lel retreat and will continue to retreat northeastward until the 
summit facies is removed. Surrounding peaks (e.g. Doubletop, 
Coe, O-J-1, and North Turner Mountains) have recently been 
unroofed and have started a process of slope decline (Fig. 13). 
Recent unroofing of these mountains can be inferred from the 
fact that they are composed predominantly of Doubletop facies 

Figure 13. Progressive stages of denudation of the Katahdin pluton are 
represented by the mountains in the foreground west of Mt. Katahdin. 
The rounded peak in the foreground (Mount 0-J-T with the prominent 
slide scars) is the result of rapid slope decline following removal of the 
Summit facies. Jn the background, a more recent unroofing is indicated 
by the mountains exhibiting steeper slopes and pointed peak (Mount 
Coe behind Mount O-J-1, with North Brother to the left). Mount 
Katahdin lies to the right of the field of view. 

Figure 14. Vertical expansion joints developed along the headwall of 
North Basin on Mount Katahdin are formed in response to the lateral 
removal of rock by late-glacial cirque glaciers. 

yet stand relatively high. In addition, the lower "contact" of the 
Summit facies can be projected to elevations just above the 
present peaks. 

Continental glaciation of Mt. Katahdin has accelerated 
erosion by locally removing the Summit facies, such as along the 
Saddle. Vertical joints formed from lateral unloading along 
cirque headwalls, developed by alpine glaciation (Caldwell and 
Hanson, 1987), have promoted mass wasting which is rapidly 
eroding the mountain from the east (Fig. 14). 

Nearly all of the Katahdin pluton south of Mount Katahdin 
underlies a lowland. Where the pluton has been deeply ex
cavated, stream channels developed along conjugate joints and 
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Figure 15. Incipient drainage network developing along conjugate 
joints and faults within the Katahdin granite, south of Rainbow Lake. 
Streams developing along zones of weak rock can ex.tend their channels 
more effectively than nonnal consequent streams. In plutons, which 
lack bedding planes and pervasive cleavage, fracture systems are the 
principle zones of weakness in which streams can carve channels. 
(Photo courtesy of Great Northern Paper Company) 

faults are visible (Fig. 15). In plutonic rock, fracture zones are 
the principle lines of weakness along which streams can more 
readily extend their channels. In homogeneous, undeformed or 
poorly fractured plutons (e.g. Attean pluton), drainage systems 
are not controlled by structural elements and are commonly 
dendritic. Other plutons which form extensive lowlands in the 
Central Maine Highlands (Fig. 7; Table 3) are the Flagstaff Lake 
Igneous Complex, Lexington batholith, Pierce Pond gabbro, 
Seboeis pluton, Mooselookmeguntic and Umbagog plutons, and 
Rockabema pluton. The Sebago batholith, in the Central 
Lowlands, lies beneath an extensive lowland occupied by more 
than 50 lakes. 

Geomorphology of Volcanic Terrains. The Traveler rhyolite 
(Rankin, 1968, 1980; Rankin and Hon, 1987) and an outlier on 
Soubunge Mountain are geologically and mineralogically com
parable (Hon, 1980) with the Kineo rhyolite in the Moose River 
synclinorium. The topography of the Traveler rhyolite reveals 
much of its internal structure. Ash-flow tuff beds dip at a 
moderate angle to the north, and the tops of individual flows form 
uniform, sloping surfaces inclined to the north, while erosion 
along more or less perpendicular columnar joints forms steep 
south-facing slopes (Rankin, 1980). The unmetamorphosed 
Trout Valley Formation overlies the Travelerrhyolite and crops 
out to the northwest of the main area of the Traveler exposures. 
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The basal unit of the formation is a matrix supported con
glomerate composed almost entirely of clasts of the Traveler 
rhyolite, probably deposited as a lahar. Overlying the basal unit 
are medium to fine-grained conglomerates and interbedded 
sandstone that have been eroded by South Branch Pond Brook 
and Gifford Brook into steep-walled canyons that resemble many 
stream valleys in the Cordillera of the western United States. 

BOUNDARY MOUNTAINS HIGHLANDS 

Topography 

This belt of highlands forms the watershed between the St. 
Lawrence drainage and rivers draining toward the Gulf of Maine. 
It also is the basis of the international boundary between Maine 
and the Eastern Townships of Quebec. 

The Boundary Mountains Highlands are characterized by an 
irregular and knobby topography within the Chain Lakes massif 
and Attean pluton. Linear hills and small ridges are more com
mon in the northern margin of the province, underlain by Silurian 
and Devonian metasedimentary rocks. Albee and Boudette 
( 1972) observed these distinct topographic expre!'sions in the 
Attean quadrangle. Although the region is very rugged, varia
tions in relief are not as spectacular as in the Central Maine 
Highlands. Most of the mountains within the highlands are less 
than 4000 feet (1220 m) and rise from base elevations no less 
than 1200 feet (365 m). As in the Central Maine Highlands, 
mountain peaks also diminish in elevation from west to east. 
Large lakes and lowlands, other than the Attean basin discussed 
below, are generally rare and are underlain by plutonic rock or 
less resistant metasedimentary rocks, such as slate. 

Geology 

Rocks in the Boundary Mountains Highlands range in age 
from Precambrian through Early Devonian (Naylor et al., 1973; 
Boudette and Boone, 1976; Boudette, 1982). The Chain Lakes 
massif, a relatively resistant quartzo-feldspathic granofels 
(Albee and Boudette, 1972), underlies the northern part of the 
anticlinorium. Juxtaposed to the east is the Attean quartz mon
zonite, which like the Katahdin pluton forms both highlands and 
lowlands. The core of the anticlinorium plunges north beneath 
a blanket of Silurian and Lower Devonian metasedimentary and 
volcanic rocks. 

The Late Ordovician Attean quartz monzonite underlies 
nearly 150 mi2 (241 km2

) of the Boundary Mountains an
ticlinorium. A broad lowland (Fig. 16), herein called the Attean 
basin ( 1200 ft; 365 m), occupied by the Moose River, No. 5 Bog, 
and Attean, Little Big Wood, Wood, and Holeb Ponds, overlies 
65% of the pluton. Rising up sharply from the lowlands are a 
number of mountains, such as Catheart Mountain (2363 ft; 720 
m), Sally Mountain (2221ft; 678 m), and Burnt Jacket Mountain 
(2280 ft; 695 m). These mountains, formed also of the Attean 
quartz monzonite, contain local dikes of resistant quartz-porpyh-
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ry and aplite (Albee and Boudette, 1972). Mineralization and 
alteration of the pluton, along with faulting and jointing (Fig. 17), 
have also greatly affected its local weathering characteristics. 

LOBSTER MOUNTAIN • MOOSE RIVER 
LOWLANDS 

Topography 

Linear ridges and valleys, products of differential weather
ing and erosion of rocks exposed within the Acadian fold belts, 
make this region unique. Any vestige of original anticlinal ridges 
or synclinal valleys has been removed by erosion and the area 
has been topographically inverted. The broad lowlands area 
occupied by Moosehead Lake, the largest lake in New England, 
and the Kennebec River valley are underlain by weak rocks 
exposed in the core of the Lobster Mountain anticlinorium. Most 
of the major ridges and mountains, such as Misery Ridge (Misery 
Knob: 2126 ft; 648 m), Mount Kineo ( 1806 ft; 550 m), and Big 
Spencer Mountain (3230 ft; 984 m) are composed of the younger, 
more resistant rocks down-folded within the Moose River and 
Roach River synclinoria. 

Geology 

Three major structural belts (Fig. 3) underlie this lowlands 
region. They are from west to east: (a) the Moose River 
synclinorium (MRS), (b) the Lobster Mountain anticlinorium 
(LMA: Boudette and Boone, 1976; Lobster Lake anticlinorium 
of Boucot and Heath, 1969), and (c) the Roach River 
synclinorium (RRS). The topography is probably better corre
lated with rock type and structure here than in any other region 

Figure 16. The Attean basin, viewed here from Catheart Mountain. The 
basin is underlain by the Attean quartz monzonite and forms the largest 
lowland area within the Boundary Mountains anticlinorium. Note the 
moraines which cross the lowlands in the center of the photograph. 
These rogcn moraines are common in basins underlain by plu1onic rock 
(see Caldwell el al., 1985). 

Figure 17. The lowlands 10 the left (west) are underlain by a highly 
frac tured portion of the Altean pluton. Intense fracturing of the pluton 
is probably the product of Acadian defonna1ion. (Photo courtesy of 
Great Northern Paper Company) 

of Maine, primarily because it is simply folded and uncompli
cated by intrusive events. Unlike the lowlands of the slate belts 
where large areas are underlain by rocks of similar strength, the 
Lobster Mountain - Moose River Lowlands are underlain by a 
variety oflithologies, each having a different topographic expres
sion but occurring along a linear trend. The resulting topography, 
having a maximum relief of approximately 2200 ft (670 m), 
consists of long linear or gently arcuate ridges and valleys which 
reflect the underlying fold structures. The structural belts plunge 
to the northeast where they and their accompanying topography 
die out in a belt of Devonian slates near the northern end of 
Moosehead Lake and Lobster Lake. 

Lobster Mountain Anticlinorium. This structural belt is 
underlain largely by multiply cleaved and relatively weak 
Cambrian and Ordovician metapelitic rocks (e.g. Hurricane 
Mountain melange, Dead River and Kennebec Formations, and 
portions of the Jim Pond Formation). Weathering of the pelitic 
Hurricane Mountain melange (Boone, 1983) and the phyllitic 
Dead River and Kennebec Formations (Boone, 1973) has formed 
a broad lowland that extends from Lobster Lake southwestward 
for about 90 miles ( 160 km) to Flagstaff Lake (Fig. 18). The 
Kennebec River follows this lowland and for about 20 miles (32 
km), from Moosehead Lake to The Forks, it marks the eastern 
limb of the Lobster Mountain anticlinorium. At The Forks, the 
Kennebec leaves its subsequent position and crosses the Central 
Maine Highlands, even though the broad valley that characterizes 
the anticlinorium continues southwestward for many miles. 

The Hurricane Mountain melange (Boone, 1983) is com
posed of exotic blocks surrounded by a scaly. rusty-weathering, 
pelitic matrix. The melange underlies the north end of Indian 
Pond, where it is recognized by a unique topography. The pelite 
has been deeply eroded to form part of the lake basin, wh ile the 
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Figure 18. Islands in Indian Pond composed of the mafic and ultramafic 
exotic blocks in the Hurricane Mountain melange. The basin portion of 
the lake is underlain by the melange matrix which has an easily eroded 
scaly cleavage. In the far background lies Big Spencer Mountain 
(center-left), composed largely of the Kineo rhyolite, and Lobster 
Mountain (far left) and Little Spencer (center right), composed of 
Ordovician volcanic rocks. 

Figure 19. This broad valley of the Kennebec River, occupied here by 
Indian Pond, is underlain by weak pre-Silurian rocks exposed in the core 
of the Lobster Mountain anticlinorium. The islands in Indian Pond are 
exotic blocks of orthoquartzite, serpentinite, and a variety of meta-ig
neous and metavolcanic rocks in the Hurricane Mountain melange 
(Boone, 1983). 

more resistant "knockers" protrude, forming numerous islands 
(Fig. 19). 

Although the width of the Lobster Mountain anticlinorium 
is greatest toward the southwest end, the valley that occupies it 
becomes narrower. Devonian plutons that have intruded this part 
of the structure have metamorphosed pelitic rocks, producing 
numerous mountains such as Hurricane and Dead River Moun
tains which are contained in the Pierce Pond gabbro metamorphic 
aureole (Lyttle, 1976). The broad valley occupied by the South 
Branch Dead River, which appears to be an extension of the 
anticlinorium, is underlain by the Flagstaff Lake Igneous Com
plex (Boone, 1973). Beyond this point the lowland narrows and 
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Figure 20. View of Mount Kineo looking parallel to strike from the 
northeast. Mount Kineo and Blue Ridge, in the background to the 
southwest, are held up by the Kineo rhyolite member of the Tomhegan 
Formation. Crude columnar jointing controls the steep cliffs on Mount 
Kineo. 

continues for several miles into the Rangeley Lakes area and New 
Hampshire. 

Ordovician volcanics, the most resistant rocks in the Lobster 
Mountain anticlinorium, form Lobster Mountain (elevation 2359 
ft; 719 m) which looms conspicuously over the adjacent 
lowlands. From Moosehead Lake to Lobster Lake, the Lobster 
Mountain volcanic rocks dominate the structural belt, forming 
the highest elevations within this area. 

The Moose River and Roach River Synclinoria. According 
to Boucot and Heath (1969), the Moose River synclinorium 
contains the thickest sequence of fossiliferous and relatively 
unmetamorphosed (greenschist facies) Lower Devonian strata in 
the Appalachians. The Tarratine, Seboomook, and Tomhegan 
Formations compose the bulk of the rocks within both structures. 

The relative resistance of the lithologies composing these 
formations is clearly demonstrated by topography. Lowlands are 
underlain by the slates of the Seboomook Formation and rela
tively weak, rusty-weathering slates and siltstones forming the 
bulk of the Tomhegan Formation (Boucot, 1961). 

Contained also in the Tomhegan Formation is the highly 
resistant Kineo rhyolite. The Kineo rhyolite member invariably 
forms steep-sided hills and ridges. Kineo Mountain (Fig. 20) has 
spectacularly precipitous cliffs on all but the northeast side. A 
number of other mountains, such as Blue Ridge ( 1877 ft; 572 m) 
and Misery Knob (2128 ft; 649 m) to the southwest and Shaw 
( 1657 ft; 505 m), Little Kineo ( 1927 ft; 587 m), Eagle ( 1685 ft; 
514 m) and Norcross (1615 ft; 492 m) Mountains to the northeast, 
are composed of the same rhyolite. Topographic inversion is 
nicely illustrated in the Roach River synclinorium where the 
Kineo rhyolite is the youngest rock exposed. Originally down
folded into the core of the syncline, the rhyolite now forms Big 
Spencer Mountain (3230 ft; 984 m), the most prominent moun
tain in the entire belt. 

Adjacent to the Kineo trend, but extending much farther 
along strike to the southeast, are highlands composed of the 
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Tarratine Formation (Boucot, 1961 ). Dark gray sandstone com
poses 90 percent of the main part of the formation (Boucot and 
Heath, 1969) and forms a continuous ridge (called Misery Ridge 
in the northeast portion) which extends for more than 45 miles 
toward Spencer Lake. A few prominent bumps on Misery Ridge 
are composed of isolated masses of Kineo rhyolite, some of 
which are garnetiferous (Boucot and Heath, 1969). Portions of 
the ridge are also composed, in part, of the very resistant Misery 
quartzite member of the Tarratine Formation. 

At its southwestern terminus, as well as to the north, the 
Tarratine and overlying Tomhegan Formations are folded into a 
series of synclines and anticlines. On the south side of the Moose 
River structure the outcrop belt of the Tarratine Formation 
broadens substantially and, together with the Kineo rhyolite, 
supports such mountains as Coburn (3718 ft; 1133 m), Johnson 
(2600 ft; 792 m), Cold Stream (2120 ft; 646 m) and Williams 
(2500 ft; 762 m) Mountains. The Tarratine Formation is con
spicuously wrapped around the Attean pluton of Ordovician age 
and forms some of the mountains that overlook the basin under
lain by the Anean pluton. During the folding that accompanied 
the Acadian orogeny, the competent rock of the Attean pluton 
may have formed a buttress around which the younger rocks were 
deformed. The Moose River structure pinches out between the 
Attean pluton and the Chain Lakes massif to the southwest and 
the Lobster Mountain anticlinorium to the northeast. Further 
northeast, the Tarratine Formation forms only low hills. 

Local ly well formed trellis and rectangular drainage systems 
occur where dominant drainage directions have developed paral
lel to and across structural strike. Excellent examples of such 
patterns occur south of Brassua Lake, along the southeast flank 
of the Moose River synclinorium (Fig. 21 c). Streams flowing 
along strike occupy zones of weak rock. Misery Stream flows 
within a long, northeast-trending valley excavated in highly 
cleaved rocks of the Tomhegan Formation. In a parallel valley 
to the southeast, Churchill Stream occupies a valley formed over 
the Southeast Boundary fault (Boone, 1970) which separates the 
the Moose River synclinorium from the Lobster Mountain an
ticlinorium. The composite Kineo-Tarratine trend forms the 
linear highlands which divide the two drainage systems. Cutting 
through the divide are two large wind and water gaps. These 
gaps, along with numerous northwest- and southeast-trending 
streams have been excavated along high-angle cross joints. The 
Canadian Pacific Railroad, Misery Stream (Pond), and Chase 
Stream are a few features that occupy these gaps. Large esker 
systems leading into and away from these gaps indicate that they 
also served as prominent meltwater channels during the last 
episode of glaciation (Caldwell and Hanson, 1975, 1985). 

Moosehead Lake. Moosehead Lake (Fig. 21) is oriented 
perpendicular to the tectonic strike, parallel to the dominant 
northwest fractures, and traverses both the Lobster Mountain 
anticlinorium and Moose River synclinorium. The local width 
of the lake reflects nicely the relative resistance of the rocks 
through which it cuts. Pelitic rocks of the Lobster Mountain 
anticlinorium (Dead River and Hurricane Mountain Formations) 

and the Devonian Tomhegan and Seboomook Formations under
lie the widest portion of the lake. Northeast Bay, a 10-mile-long 
northeast-trending arm of the lake, fills a valley developed along 
strike in the Seboomook Formation. Spencer Bay occupies the 
valley of the Lobster Mountain anticlinorium. The lake narrows 
where the Tarratine Formation (Kineo Rhyolite Member) and 
Lobster Mountain volcanics cross. 

TECTONIC UPLIFT 

Although the development of a regional highlands is largely 
due to orogenic uplift, the details of the topography, the local 
basins and highlands for example, are greatly influenced by the 
rock types which are presently exposed. The study area has been 
affected by two orogenic events, the Taconic and the Acadian 
orogenies (Boucot, 1968; Rodgers, 1970), and the present 
landscape has resulted from a continuous modification of the 
resultant orogens by erosion. Topographic inversion, the product 
of differential erosion, has probably occurred several times on a 
local scale. 

Erosion of the mountain belt has exposed rocks with greater 
structural complexity and higher metamorphic grade toward the 
southwest. Hon ( 1980) demonstrated that in the vicinity of the 
Katahdin pluton, only 3 km (1.8 miles) of erosion have taken 
place since the Devonian. Based upon studies of the Greenville 
plutonic belt, deeper erosion depths have been estimated for areas 
farther southwest (Hon, 1980; Hon and Schulman, 1983). For 
example, the exposed rocks within the Moxie pluton vary con
sistently along strike; dunites occur in the southwestern end and 
are replaced by a northeastwardly progression of norites, troc
tolites, diorite, and eventually granodiorites at the northeast 
te rminus of the pluton near Jo-Mary Mountain and the Katahdin 
pluton. Hon conceives of the Moxie pluton as forming a deep, 
elongate gabbroic intrusion that underwent fractional crystal
lization, forming a distinctly layered body. Greater uplift and 
subsequent e rosion in the southwest has exposed the deeper 
ultramafic rocks. Thus, as one moves southwestward along 
strike, progressively deeper levels are encountered. 

Hon ( 1980) describes Acadian plutons toward the south
western end of the Central Maine Highlands, such as the Lexi
ngton pluton, that were emplaced under much higher pressures 
than were plutons such as the Katahdin. Also, the southern 
terminus of the Moxie pluton was formed 4 mi (6.5 km) deeper 
than was the northern end where it is in contact with the Katahdin 
pluton, 45 mi (75 km) to the northeast. From this evidence and 
by noting the regional change in metamorphic isograds (see 
Doyle, 1967, and Osberg et al., 1985), Hon and Schulman (1983) 
determine a 5-degree upward regional tilt of the Acadian orogen 
toward the southwest. This suggests that at some time the 
southwestern portion of the Central Maine Highlands was sig
nificantly higher following the Acadian orogeny than was the 
northeastern end. 

Dewey and Kidd ( 1974) assumed that differences in the 
intensity of tec tonic activity along the Appalachians accounted 
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Figure 2 la. The southeasterly trending axis of the lake cuts across 
regional strike and parallels the trend of many high-angle joints and 
faults. The two large northeast-trending bays, North and Spencer Bay, 
occupy regions along strike where weak rocks have been excavated. 
The northwestern portion of the region lies within the Lobster Mountain 
- Moose River Lowlands and is characterized by ridges and valleys 
formed by the differential erosion of rocks within open, asymmetrical 
folds. The region to the southeast of the Kennebec River lies in the 
Maine Central Highlands and has a more irregular topography produced 
by the intrusion of plutons and the development of hornfels mountains. 

Figure 21 b. The drainage system developed over the Lobster Mountain 
- Moose River Lowlands has pre ferentially developed along two trends; 
northeast and southeast. Where streams are equally well developed 
along both trends, the drainage systems are rectangular; and in regions 
where one trend is dominant, such as along Misery and Churchill 
Streams, a trellis pattern is evident. In the south-central portion a radial 
pattern has developed around the summit of Big Squaw Mountain. 
Radial drainage patterns are characteristic of most of the mountainous 
regions of the Central Maine Highlands. 

Figure 2 1. Moosehead Lake and surrounding topography. 

for variations in uplift and erosion, and ultimately in the topog
raphy of mountain ranges. The tectonic map of the Appalachians 
compiled by Williams (1978) shows that most of Maine lay 
within a reentrant during the Acadian collision, while New 
Hampshire and southern New England were in a promontory that 
bore the brunt of the collision. In Maine the collision would have 
decreased in intensity from west to east. The greater intensity of 
the deformation experienced in the west would have produced 
higher mountainous terrain. 

Possibly two other periods ofuplift affected western portions 
of the Central Maine Highlands. The emplacement of the Sebago 
pluton in the Carboniferous period may have heated the overlying 
rocks to cause significant uplift (Guidotti et a l. , 1986; Lux and 
Guidotti, 1985). Guidotti et al. ( 1986) indicate that as much as 
I 0 km of erosion has occurred in order to expose the Sebago 
pluton. Mesozoic intrusion in the White Mountains of New 
Hampshire may have also played a role in causing heating of the 
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country rocks and further uplift in that area (Crough, 1981 ). As 
the Central Maine Highlands were eroded, isostatic uplift 
brought deeper, higher-grade metamorphic rocks to the surface 
in the southwest compared with the rocks to the northeast. 

DRAINAGE SYSTEM 

All of the large river systems in Maine (e.g. Kennebec, 
Piscataquis, Penobscot, and Androscoggin) head in the moun
tainous regions of north-central Maine or in the White Mountains 
of New Hampshire. Several of the rivers flow for long distances 
eastward, before turning southward toward the sea. There are a 
number of lakes with.in the headwaters of these rivers, but there 
are none of natural origin downstream of where the rivers make 
their tum to the south (Denny, 1980). Possible explanations of 
the preponderance of lakes in the upper reaches of these rivers 
includes locally low gradients encountered by headwater streams 
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Figure 21 c. Generalized map of the bedrock geology and geomorphol
ogy of the Moosehead Lake area (modified from Boone, 1983). The 
more resistant rocks are stippled. Faults are indicated by thick black 
lines. The Southeast Boundary fault locally separates the Lobster 
Mountain anticlinorium (LMA) and Moose Riversynclinorium (MRS). 
The Roach River syncline (RRS) lies in the northeast corner of the map. 
North Bay occupies a broad region underlain by the weak slates of the 
Tomhegan Fonnation and Spencer Bay lies in an area of excavated 
Cambrian rock. The southeastern end of the lake, which is also quite 
broad, is underlain by the Moxie pluton. Note that the rocks of the 
Seboomook Group, in this case the Carrabassett Fonnation, are indi
cated as being both weak and resistant. Adjacent to the pluton, these 
rocks have been contact metamorphosed and fonn the highest peaks in 
the map area. In the far southeastern corner lies a portion of the Onawa 
pluton; the surrounding stippled regions are Boarstone and Barren 
Mountains. 

developed in weak slates and plutonic rocks, and obstructions to 
flow presented by structures oriented perpendicular to regional 
slope. There may also be a possibility that lake basins above the 
limit of late-glacial marine submergence (Thompson and Borns, 
1985) were occupied by ice blocks which prevented depressions 
from being filled with glacial meltwater sediments (Caldwell et 
al., this volume). In the Lobster Mountain - Moose River 
Lowlands and Central Maine Highlands, resistance varies 
tremendously across strike. Rivers may flow for several miles 
parallel to resistant highlands until a more southerly channel is 
encountered. Channels heading south across strike are common
ly both consequent and structurally controlled, having been 
preferentially excavated in cross-joints and faults which parallel 
the regional slope (see Fig. 21 ). 

South of the Central Maine Highlands, rivers can more easily 
maintain their southerly channels and have carved through the 
weak slate underlying much of the Central Maine Lowlands. 
Exceptions occur where more resistant belts of the Madrid 
Formation are exposed (e.g. Charleston Ridge). Drainage in the 
Coastal Province is characterized by numerous lakes which have 
developed in plutonic rocks of the Avalon Terrane. 

Local radial drainage networks are commonly well 
developed around mountains of the Central Maine Highlands. In 
the Central Maine Lowlands, patterns are more dendritic, being 
less affected by regional structure as they cut across weak slates. 
Rectangular and trellis drainage patterns are locally well 
developed in the Lobster Mountain - Moose River Lowlands 
where fold belts, containing alternate zones of weak and resistant 
rock, and fracture zones lie at mutually perpendicular angles. 

SUMMARY 

Our work in the mountainous area of north-central Maine 
leads us to conclude that a thorough knowledge of the local 
bedrock is required in order to understand the geomorphology of 
an area. We have presented a number of specific examples that 
illustrate the control of lithology and structure on topography. 
As a general rule, each major fold belt in Maine locally 
demonstrates a unique relationship between bedrock geology and 
topography. However, the morphology of a fold belt may vary 
regionally along strike in response to lithologic changes 
produced by variations in the intensity of metamorphism and 
deformation. 

In north-central Maine, the greatest topographic relief oc
curs in regions of intermediate to mafic Acadian plutonism. 
Highlands are supported either by homfelsic rock in contact 
metamorphic aureoles, or by volcanic or granophyric rock. 
Lowlands are typically underlain by plutons, or cleaved and 
fractured, low-grade regionally metamorphosed metasedimen
tary rocks. Local landforms in which no direct relationship 
between topography and geology exists probably attest to a 
recently unroofed lithology that has not yet been shaped by 
erosion. 
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ABSTRACT 

The distribution of radon (Rn-222) in ground water in Maine is controlled primarily by bedrock geology. 
Stratigraphic units at various metamorphic grades below sillimanite grade yield ground water with overlapping 
ranges of values that do not vary systematically with grade. In these rocks, means fall between 1,000 and 5,000 pCi/l 
(37,000 and 185,000 Bq/m3). Waters from sillimanite and higher metamorphic grade rocks have mean activities 
consistently in the 10,000 to 15,000 pCi/I (370,000 to 555,000 Bq/m3

) range. Granites yield water with the highest 
mean activity of 22,000 pCi/I (814,000 Bq!m\ 

The major pathway for Rn and its daughters to man is via air to the lungs. Major sources of airborne Rn include 
degassing of well water indoors and entry of soil gas into dwellings. The strength of these sources is closely linked 
to bedrock geology. Calculated average Rn activities for ground waters, by county in Maine, correlate significantly 
with the incidence of all cancers and cancers of the lung. 

INTRODUCTION 

In the late 1950's, a young lad received a rather primitive 
(by modem standards) Geiger counter for Christmas. Because 
of his curiosity, the water supply for the Dielectric Products 
Company in Raymond, Maine was found to have had an excep
tionally high level of natural radioactivity. This observation 
resulted in a study of 500 water supplies in that region (Grune et 
al., 1960). Later studies by Smith et al. ( 1961 ), Lowder et al. 
( 1964), Richardson ( 1964), and Hoxie (1966) found some of the 
highest Rn-222 values in the United States for water supplies. 
However, interest in the issue diminished. 

In the late 1960's and early 1970's, Hess et al. ( 1973) 
investigated the levels of natural radioactivity in and around 
Wiscasset, Maine to characterize the radiation environment prior 
to the start-up of Maine's only nuclear power station. They 
rediscovered the high Rn values in Maine ground water, but in a 
different area. Realizing that high concentrations of Rn in ground 
water were both natural and widespread, we initiated a series of 
investigations to establish the extent of the problem, the controls 
on Rn distribution, pathways to man, and related health effects 
(Hess et al. , 1978, 1979, 1980, 198 la,b, 1983; Brutsaert et al., 
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I 981 ). We focused on domestic water supplies, including wells 
drilled into bedrock or glacial material and surface supplies (dug 
wells, seeps, streams, and lakes). Public and water company 
sources, and schools were also evaluated. This paper sum
marizes many of the geologic, hydrologic, and health aspects of 
our research. 

Methods of collection and analysis of water samples for Rn 
and other constituents are detailed in Brutsaert et al. ( 1981 ). Air 
samples for determination of daughters of Rn were collected and 
analyzed by methods detailed in Hess et al. (198la). Water 
samples from 350 wells were chemically analyzed for content of 
major cations to assess relationships between chemical weather
ing and Rn activity. Methods are detailed in Hess et al. ( 1979). 
Preliminary epidemiological studies used methods which were 
outlined in Hess et al. (1983). 

In 1979 we initiated research on the removal of Rn from 
water. This research is still ongoing (Hess et al., 1979; Lowry et 
al., 1987). Since about 1983, our research has focused on Rn in 
Maine homes, sources of Rn other than from ground water, and 
the epidemiology of Rn. The results of these efforts may be found 
in Hess et al. (1985), Wadach and Hess (1985), and Lanctot 
(1985). 

RESULTS AND DISCUSSION 

Hydrologic Controls 

Rn-222 is one of the daughter products of the decay of U-238 
(Fig. 1). The immediate parent of Rn is Ra-226 which has a 
half-life of 1600 years. Repeated measurement of the concentra
tion of Rn in the same ground water samples, to evaluate the 
amount of Ra support for Rn, has shown that there is virtually no 
Ra in solution in Maine ground water that we have examined, i.e. 
the Rn is unsupported. Consequently, Rn must be derived from 
the decay of Ra which is either adsorbed or co-precipitated with 
solid constituents of the bedrock/soil complex. Considering the 
rate at which ground water moves through bedrock (typically less 
than I m/day with no pumping stress) and the short half-life of 
·Rn-222 (3.8 days), the Ra responsible for the production of the 
Rn must be in close proximity to the well producing the water 
(Tanner, 1964). The radius forthe source area of the Rn is almost 
certainly less than 100 m from the drill hole for most domestic 
wells. 

Brutsaert et al. ( 1981) found a slight tendency for decreasing 
Rn activity with increasing well depth, especially for wells 
deeper than about 50 m. This trend is probably related to a longer 
residence time for the water in the borehole due to the larger 
volume in deeper boreholes. They also demonstrated that Rn 
activity decreased as a function of increase in well yield, all other 
variables being controlled. They interpreted this to indicate that 
low yield wells had a high ratio of fracture surface area to stored 
water. With increased transmissivity and water yield due to more 
open fractures, the ratio decreased so that less Rn was available 
per unit volume of water. The combined magnitude of these two 
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effects is less than a factor of two. Consequently, the Rn activity 
in a ground water sample is characteristic of the strength of the 
proximal Ra source, somewhat modified by local hydrology and 
well depth. The determination of the distribution of Rn thus 
produces a map of the distribution of Ra. 

Bedrock Geologic Controls 

If U-238 and the daughter Ra-226 have not been widely 
separated by geochemical processes, the U content of rocks 
ultimately controls Rn activity. Certain rock types tend to have 
high U content, either by virtue of magmatic processes (granites, 
pegmatites, and migmatites) or sedimentary processes. For ex
ample, sulfidic and/or carbonaceous sedimentary rocks and their 
metamorphic equivalents are typically high in U. With this 
background , we attempted to characterize the various 
stratigraphic units and igneous rocks in Maine in terms of their 
ability to supply Rn to ground water. 

Figure 2 depicts the distribution of the larger granite bodies 
within the state and the distribution of metamorphic isograds. 
Water samples collected across the state enabled us to charac
terize many granites, stratigraphic units, and metamorphic zones. 
The following conclusions can be drawn: 
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Figure I. Decay scheme for U-238 to Po-218. Within each block are 
atomic weight, half life, and energy of the decay. 
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I •I Igneous rocks undivided 

Zones of regional metamorphism 

50 miles 

D Sillimanite plus orthoclase 

!iiii Sillimanite 

~ Staurolite (plus 
~ andalusite locally) 

Jt~tffi Garnet 

.Biotite 

(contact metamorphism zones not shown) 

Figure 2. Geologic map of Maine showing the distribution of igneous 
rocks and metasedimentary rocks of various metamorphic grades 
(modified from Warner et al., 1967). 

(I) Metasedimentary lithic types in the sub-sillimanite 
zones typically have partially overlapping ranges of Rn values 
and means between 1,000 and 5,000 pCi/l (37,000 and 185,000 
Bq/m\ Chlorite zone rocks (and lower?) have a mean value of 
about 1,100 pCi/I (40,700 Bq/m3) (see Fig. 3). 

(2) Rn activity was evaluated from the biotite isograd to the 
sillimanite isograd for the Vassalboro, Waterville, and Appleton 
Formations with I 0 samples in each unit (Brutsaert et al., 1981 ). 
No relationship was present between activity and metamorphic 
grade over the range investigated. Variation between lithologies 
was far greater than within lithologies across metamorphic 
grades. However, rocks of chlorite grade yield distinctly lower 
values for Rn. Lanctot et al. (1985), in a more extensive study, 
found an increasing mean value of Rn in ground water with 
increasing metamorphic grade, especially between low-grade 
and medium-grade rocks. They divided samples into those 

originating from low-, medium-, and high-grade metamorphic 
zones and lumped data by zone, not by stratigraphic unit. The 
difference in trend reported by Lanctot et al. ( 1985) may be 
caused by non-equal areal distribution of various stratigraphic 
rock types with their characteristic U concentrations. Alterna
tively, our lack of trend could be caused by a small sample. 

(3) Stratigraphic units at sillimanite grade and higher (Fig. 
2) yield higher Rn-222 activity than their lower grade equi val en ts 
(Fig. 3). Pegmatites are common in sillimanite or higher grade 
rocks. Their presence implies that fluids have moved about, 
mobilizing U from preexisting sources and redistributing it in 
sillimanite and higher grade rocks. Additional U may also have 
been introduced from fluids associated with the cooling and 
crystallization of the various phases of granitic rocks associated 
with the Paleozoic and Mesozoic plutonism of Maine. 

(4) Granites yield the highest Rn activity with values com
monly exceeding 50,000 pCi/I (1,850,000 Bq/m3) or IOOX the 
suggested value for potable water (USEPA, 1976). Values are 
highly variable within a single granite body (Fig. 3; Table I). 

(5) The activity of Rn is not related to the major cation 
content (Ca, Mg, Na, or K) of solutions. Many wells showed 
evidence of road salt pollution (excess NaCl) or elevated Ca 
and/or Mg in excess of that expected from the local bedrock, 
presumably due to ground water pollution from soil amendments 
(limestone). 

Surficial Material Controls 

Soil thickness and soil type overlying the bedrock have little 
effect on the variation of Rn in ground water (Brutsaert et al., 
1981) if wells penetrate into the bedrock. However, wells 
developed in surficial material overlying granites have relatively 
low Rn concentrations in the water. Large variations in Rn 
activity in wells within the same bedrock body may be attributed 
to heterogeneous distribution of Ra in the bedrock aquifer or to 
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Figure 3. Numbers of occurrences of radon concentrations in water for 
three types of rock. Based on 1977- 1978 data. 
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TABLE I. SUMMARY OF RADON VALUES FOR GROUND WATER FROM VARIOUS GRANITES IN MAINE 

#Wells #Wells -- -- --
# Radon S.D. of Known Depth S.D. of Known Yield S.D. 

Wells (pCi/l x 103
) Depth (fl) Yield (gpm) 

Sebago granite 34 17.7 31.5 
Lucerne granite 27 35.8 27.4 
Waldoboro granite 22 19.6 18.3 
Aurora granite 12 13.8 10.4 
Mt. Waldo granite 10 3 l.O 25.0 
Mt. Desert (W) granite 9 15.5 8.8 
Mt. Desert (E) granite 6 3.0 2.2 
Red Beach granite 6 21.8 16.7 
Meddybemps granite 6 39.7 58.7 
Biddeford granite 4 1.5 0.7 

I = 136 

N RacIOri 
(pCi/l x 103

) 

Well Depth: 
0-1 00 fl 41 14.9 
101 -200 44 24.3 
201-400 20 23.8 
401- 6 36.3 
Unknown 25 23.8 

I= 136 

Overburden: 
Till 73 24.5 
Sand/Gravel 36 9.8 
Clay 7 17.6 
Unknown 20 35.4 

I = 136 

variable recharge rates which affect the residence time of water 
in the aquifer. Brutsaert et al. (1981) did find a weak inverse 
relationship between Rn activity and Na concentration; the 
relationship was significant only in the Appleton Formation and 
suggested some effect of rate of recharge on Rn activity. 

On the other hand, soil thickness and type must play an 
important role in the control of the distribution of Rn gas in the 
soil atmosphere. The latter has been demonstrated to generally 
be more important in determining the total Rn activity in home 
atmospheres (Wadach and Hess, 1985; Lanctot et al., 1985). 

The degree to which soils reflect the composition of the 
bedrock varies widely. Along the coastal zone, below the 
Holocene marine limit (approximately 80 meters above sea level 
near the coast) , marine silts and clays overlie bedrock or other 
glacial deposits. The marine limit rises to about 130 m inland 
(Thompson and Borns, 1985). These marine deposits are largely 
rock flour and are not chemically the same as the bedrock, except 
locally and fortuitously. Inland, tills more commonly mimic the 
bedrock chemically. Ice contact deposits including eskers, del
tas, kames, and out wash sand and gravel deposits typically reflect 
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199 134 9 15.S 18.6 
146 96 6 13.7 10.8 
141 80 5 24.3 33.2 
152 78 2 7.5 3.5 
146 78 2 53.5 65.8 
98 45 3 6.2 3.4 
95 35 3 14.3 15.5 

150 72 5 14.0 I I. I 
92 52 2 32.5 38.9 

N RacIOri 
(pCi/l x 103

) 

Overburden: 
0- 10 ft 25 27.3 
11-50 25 19.6 
51 - 19 13.6 
Unknown 67 23.0 

I= 136 

Yield: 
0-4 gpm 12 38.3 
5- 10 18 2 1.7 
11-25 12 15.0 
26-50 4 8.7 
5 1+ 4 2.0 
Unknown 86 22. 1 

I= 136 

bedrock types within a few tens of kilometers of a particular 
location, but may not accurately reflect the underlying bedrock. 

Mobility of Rn derived from the soil is largely determined 
by the diffusion coefficient for Rn and the permeability of soil. 
Permeability is a function of soil texture and structure. Both the 
diffusion coefficient and permeability are strongly controlled by 
soil moisture content. For example, silty tills, usually wet be
cause of low hydraulic conductivities and perched water table 
conditions, would normally be quite impervious to soil gas and 
allow little movement of Rn except with mass movement of the 
water. Eskers, usually dry with low water tables, are quite 
pervious to air and may exhibit substantial movement of soil gas 
related to the displacement associated with the rapid passage of 
infiltration fronts or fluctuating water tables. 

Rn in Homes 

Rn can be introduced into homes by three processes: 
{l) Degassing of Rn-rich domestic well water. When Rn

rich water is agitated with air as in a shower, Rn degasses into 
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the air. Typical partitioning of Rn from water to air is about 
4.5x I o-5 to l 3x I o-5 (Hess et al. , 1987). 

(2) Soil gas entry through basement foundations or soil 
basement floors. The Rn enters by direct transfer of soil air into 
the house through pores and cracks in the basement wall, sumps, 
and water drains, and to a much lesser extent, through diffusion. 
The latter method is relatively ineffective because of the short 
half-life of the Rn. In tum, the mass movement of soil gas 
depends on the permeability of the soil and pressure difference 
between the soil gas reservoir and the house, which is typically 
at reduced atmospheric pressure due to stack effect, wind effects, 
or air pumping due to furnaces and wood stoves. 

(3) Production and release of Rn from Ra-rich building 
materials. Radium-rich commercially available building 
materials, as have been documented in, e.g., Poli sh homes 
(Pensko et al., 1980), are seldom a major source of Rn in the 
United States (Ingersoll , 1983). However, high Rn concentra
tions have been observed ir; cellar atmospheres where granitic 
material has been used as fill under and around foundations 
(Wadach and Hess, 1985). This is apparently related to per
meability of the wall to soil gas. 

The relative effects of soil gas and domestic water supplies 
in determining the Rn release into houses can be seen by examina
tion of data from two houses in Maine (Fig. 4). House A, with 
airborne Rn activities close to 100 pCi/l (3,700 Bq/m3

) has an 
attached greenhouse with a porous sand floor. Rn-bearing soil 
gas entered House A largely through the greenhouse floor as well 
as emanating directly from the floor material itself. The water 
supply for the house had about 28,000 pCi/l (l,036,000 Bq/m3). 

Water-use, marked by letters I and d for laundry and dish washing, 
shows only small influence on the Rn activity curve. House B 
shows I ittle evidence of Rn entry through the soi I gas and a much 
larger proportion of Rn is a ttributed to the degassing of Rn from 
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Figure 4. Time variations of radon in two houses in Maine, measured 
with an electrostatic diffusion alpha detector. Events of interest are 
labeled: (o) opened window to outside; (c) closed window; (I) laundry 
machine used; (s) shower; (d) dishwasher used. 

the water supply. The maximum Rn activity in air is 10 pCi/I 
(370 Bq/m\ whereas the minimum is at 0.5 pCi/l (close to the 
val ue for outdoor air). Virtually all the Rn in the house atmos
phere can be attributed to water usage and degassing. 

Current measurements of airborne Rn in Maine homes (Hess 
et al., 1985) suggest that elevated indoor Rn concentrations in 
many homes may be related to high permeability in soils that are 
developed on coarse-grained glacial deposits, such as eskers, 
out wash, and deltas. Many of these deposits coincide with rural 
roads and hence a large portion of the rural population. These 
coarse-grained materials are typically in thick deposits with an 
unsaturated zone that may commonly exceed 5 m, providing for 
very mobile soil air if the water table should rise due to infiltra
tion. Soil air will then migrate to points of lower pressure, e.g. 
basements of houses sited in these deposits. Impermeable surfi
cial material such as clay-rich till or marine silt deposits may 
effectively cap more permeable strata, enhancing the migration 
of soil gas to low pressure regions when the water table rises. 
Even a snow pack may operate in such a fashion. 

Rn and Human Health 

We calculated the effects of human exposure to Rn from 
water in the following manner. We derived average Rn activity 
in water for counties by making a number of assumptions. The 
county division was taken as the regional geographic unit be
cause it is the basis for health statistics (Mason et al. , 1975). 

Average expected Rn activity for a county was assessed by 
weighting the area of a county underlain by each rock type 
yielding a certain activity. These county average values are 
shown on Figure 5. There are several difficulties in applying 
these data to the population at large and assessing related health 
effects. In doing so, one must assume that (I) the population is 
evenly distributed throughout a county, (2) the population which 
is served by public water supplies and/or removed from the 
influence of Rn degassed from water and soils is evenly dis
tributed by county, (3) the residence time for individuals is 
sufficient for effects to be caused by exposure to Rn and 
daughters, and (4) Rn concentrations in homes are related to 
water quality or soil characteristics, both of which may be 
strongly linked to bedrock geology. 

The sixteen county averages were then compared in a group 
with age-adjusted cancer rates (Mason et al., 1975). The rates 
were derived from cancer mortality from 1950-1969. This group 
of people was mainly 50-70 years old and represented a popula
tion born near 1900. This approach did not correct for those 
individuals whose water source is a public water supply, the 
concentration of the population in towns or cities, or population 
mobility. Whereas much of the Rn dose comes from soil gas, the 
effect of public versus private water supply is reduced in sig
nificance. Similarly, Maine's population is known for its com
parative immobility, reducing possible effects of in-migration 
and out-migration of individuals. All of these corrections would 
act so as to increase the relationship between Rn dose and cancer, 
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Figure 5. Map showing average values of radon concentrations in water for Maine counties. 
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but decrease the stati stical significance of it (see Fig. 6). Sig
nificant correlations were observed for lung cancer and Rn and 
for all cancers and Rn. Figure 6 shows the comparison between 
Rn and lung cancer (trachea, bronchus, and lung combined) for 
the Maine population. The results are significant at the 0.05 level 
of confidence. The level of confidence for female Jung cancer is 
0.01. This is surprising because this group of women smoked 
much less than the contemporary population does. 

The phenomenon of high Rn activity in ground water is not 
restricted to Maine. As shown on Figure 7, granites of ages 
similar to those in Maine are found throughout New England. 
Similarly, regions of sillimanite- and second-sillimanite zone 
rocks are common throughout much of New Hampshire, Mas
sachusetts, and Connecticut (Thompson and Norton, l 968). 
Granitic gneisses and granites of Precambrian age are also 
common throughout western and southern New England. Thus 
one should anticipate that similar geology-Rn-health effects 
relationships may exist for New England in general (see e.g. Hall 
et al., l 987). Our reconnaissance of water quality in the rest of 
the states in New England indicates high Rn wherever the 
geology is suggestive of it. 
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