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WELCOME 
 
We are pleased to welcome you to the Bath area of beautiful mid-coast Maine for the 108th annual 

meeting of the New England Intercollegiate Geological Conference.  Prepare yourself for three days packed 
full of fascinating geology.  This classic drowned coastline of long peninsulas and deep, narrow estuaries 
provides a special opportunity to study a variety of geologic topics from mid-ocean volcanism nearly half 
a billion years old (A3) to modern beach systems that have evolved as we have been watching (B6).  The 
conference will be moving to inland sites for the next two years, so we hope you will enjoy some fresh salt 
air and sea gulls at this year's conference. 

 
The Friday evening Welcoming Reception and registration will be held at the Winter Street Center, 880 

Washington St, Bath starting at 5:30.  [43.91584, -69.81666 WGS84 Lat/Long.]  It is a free event where 
you can meet other geologists, coordinate logistics for the upcoming field trips and find out who's here.  
The Saturday evening banquet will be held at the Senior Citizen's Center, 45 Floral Street, Bath.  [43.91076, 
-69.826932 WGS84 Lat/Long.]  Banquet tickets must be purchased in advance.  5:30 social hour, 6:30 
dinner.  We encourage you to attend the evening events and get to know each other.  Enjoy the meeting! 

 
FOREWORD 

 
This year's conference includes field trips focused on bedrock geology (A1, A2, A3, B1, B4, C2, and 

C3), glacial and surficial geology (A4, A5, B5, C1), marine geology and coastal processes (A5, A6, B6, 
C4), fluvial geomorphology (B3), environmental geology and hydrogeology (A4, A6, B6, C4), archaeology 
(C5), and earth science education (B2).  The range and quality of field trips has exceeded our expectations, 
and we sincerely appreciate the time, effort, and planning that all of the trip leaders have volunteered.  We 
are especially pleased to have several trip leaders who are new to NEIGC, especially those from the private 
sector, regulatory agencies, and non-profits in addition to the full complement of academic geologists.  It 
requires a tremendous amount of work to develop and lead a field trip, and to produce a chapter for the 
guidebook.  If you get a chance, please personally thank the leaders of the trips you attend. 

 
We would like to acknowledge the following people for helping to make this meeting possible.  Eileen 

Brunetto at Middlebury College masterfully handled registration, and many of the financial details 
associated with the meeting.  Amber Whittaker did substantial guidebook editing and prepared an 
interactive web map of field trip starting locations – an exciting first for NEIGC.  Lindley Hanson posted 
materials on the NEIGC web site.  Marie Dufresne of Simply Elegant Catering handled all of the on-site 
arrangements including local contracts in addition to catering both events within our budget, and knowing 
we wouldn't have any money until the registration deadline.  Debby Hayden of the Winter Street Center 
was very accommodating toward our group.  Tom Weddle encouraged us to organize the meeting (partly 
because a year ago he had nothing).  And finally we gratefully acknowledge the inspiration of Art Hussey 
who introduced us to the geology of this region, led us by his tireless example of dedication and service, 
and who was pleased that we decided to dedicate this meeting to him. 

 
Henry Berry Dave West 
Maine Geological Survey Middlebury College 
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This 108th meeting of the 
New England Intercollegiate Geological Conference 

is dedicated to 

Arthur M. Hussey II 
Professor of Geology, Bowdoin College 

 

 
Photo courtesy of his family 
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DEDICATION 
 

In dedicating this collection of 17 geologic field trips to Professor Arthur M. Hussey II, we celebrate his 60 
years of geologic study on the Maine coast, his teaching of geology to generations of students, and his service to the 
public by giving geology talks and walks.  Additionally, we celebrate his impressive productivity (24 quadrangle 
maps, 6 regional maps, and 2 state bedrock maps), his outreach to non-geologists by writing engaging popular books 
and pamphlets, and his honoring of predecessors by curating the Cleaveland mineral collection.  We also celebrate 
his support of the geologic community by helping establish the Geological Society of Maine (that first met in Art's 
barn in 1974), his investment in the future by supporting the new gem and mineral museum in Bethel, and his 
thoughtfulness and kindness in mentoring professional colleagues. 

 
Not only do we celebrate all these things he has done, which we do indeed, but more than that we celebrate his 

passion for the Earth, his love of the coast of Maine, his endless curiosity and fascination with geologic history, and 
his enthusiasm for pursuing those little details that don't quite fit, in order to gain understanding.  Professor Hussey 
was a geologist, a student of the earth, a good listener, a good story-teller, an ambassador of Maine geology.  One of 
a kind. 

 
It is in celebration of the way he was stimulated and energized by engaging with the geology of coastal Maine 

that we dedicate this weekend of field trips. 
 
 

NEIGC Contributions of Arthur M. Hussey II 
 
1965 Meeting organizer and guidebook editor. 
1965 Geology of the Orrs Island 7 1/2' quadrangle 

and adjacent areas. 
1965 Petrology, structure, and age relations of the 

igneous rocks of the York Beach area, Maine. 
1984 Sedimentology and multiple deformation of 

the Kittery Formation, southwestern Maine 
and southeastern New Hampshire. (with Rick-
erich and Bothner) 

1984 Silurian and Devonian rocks in the Alton and 
Berwick quadrangles, New Hampshire and 
Maine. (with Eusden, Bothner, and Laird) 

1986 Geological comparisons across the Norumbega 
fault zone, southwestern Maine. (with Bothner 
and Thomson) 

1986 Stratigraphic and structural relationships 
between the Cushing, Cape Elizabeth, Bucks-
port, and Cross River Formations, Portland-
Boothbay area, Maine. 

1986 The structural and stratigraphic development 
of the Casco Bay Group at Harpswell Neck, 
Maine. (with Swanson and Pollock) 

1989 The geology and geochemistry of the Agamen-
ticus Complex, York, Maine. (with Brooks and 
Gust) 

1993 Geology of the coastal lithotectonic belt SW 
Maine and SE New Hampshire. (with Bothner) 

1995 Meeting organizer and guidebook editor. (with 
R. Johnston) 

1995 Geology of the coastal lithotectonic belt, SW 
Maine and SE New Hampshire. (with Bothner) 

1995 Bedrock geology of the lower Saco River area 
and its potential relationship to arsenic in 
ground water. (with Marvinney and Starer) 

2004 Nature of the contact between the Central 
Maine Terrane and Merrimack Group near the 
New Hampshire - Maine border. (with Thomp-
son, Bothner, and Laird) 

2006 Bedrock geology of the Falmouth-Brunswick 
and central Maine sequences, Bowdoinham 
quadrangle, southern Maine. (with West, 
Berry, and Cubley) 

2014 Ages of the Rye Complex, coastal NH: A 
deformational history slowly revealed. (with 
Bothner, Kane, Stoesz, Sorota, Laird, Dorais, 
Wintsch, Hepburn, and Kunk) 

2016 Middle Ordovician to early Silurian terranes of 
the northern Casco Bay region, Maine. (with 
West) 
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KINEMATIC INDICATORS AND DUCTILE STRAIN DOMAINS ASSOCIATED WITH REGIONAL 
SHEARING: A TRANSECT ACROSS THE NORUMBEGA FAULT AND SHEAR ZONE SYSTEM, 

PEMAQUID POINT TO NORTHERN CASCO BAY 

By 

Mark T. Swanson, Geography/Anthropology Department, University of Southern Maine 
Gorham, Maine 04038  

email address:  swanson@maine.edu 

INTRODUCTION 

     The Norumbega Fault and Shear Zone System represents a significant crustal boundary between the Central 
Maine metasedimentary sequences to the northwest from the Merrimack, Casco Bay and other tectonic blocks to the 
southeast. This crustal boundary has been active as a major dextral strike-slip shear zone beginning in the early 
Devonian with regional shearing that evolved on the SE side as quadrangle-scale oblique-to-fault, upright, tight to 
isoclinal folds (Fig. 1) that show a general subhorizontal layer-parallel and hinge-parallel elongation and a 
progressive CW rotation to form large scale drag folds against the main fault (Swanson 1999a,b). Strain 
accommodation during this later ductile regional shearing was synchronous with a phase of widespread syntectonic 
granite dike intrusion that records the later stages of Norumbega deformation. The preserved geometry of these late 
stage syntectonic granite dikes and associated quartz veins has been used to delineate shear sense and strain domains 
within these flanking host rocks and develop a tectonic model for regional shearing based on the distribution of 
these strain characteristics.  This field trip takes an east to west oblique transect across the shear system from 
Pemaquid Point on the SE side to northern Casco Bay along the main shear zone and across to the NW side to 
examine the changes in kinematic indicators and strain domains relative to the main shear zone. 

DIGITAL MAPPING TECHNIQUES 

     Field research for this study was conducted using survey-grade satellite-based (RTK GPS) and optical-based 
(total station) digital instrumentation in conjunction with digital aerial imagery in an NSF-sponsored Research 
Experiences for Undergraduates Site Program, 2002-2010, based at the University of Southern Maine (Swanson and 
Bampton, 2009). Coastal exposures were mapped to delineate the basic strain characteristics recorded in the 
geometries of now-deformed syntectonic granite dike intrusions. Orientation data was plotted using StereoWin 
software.  ArcGIS was used to compile and display the surveyed features as well as digitize larger-scale features 
from hi-resolution aerial imagery.  The development of increasingly-higher resolution digital aerial imagery with 6 
in and 3 in ground distance pixel sizes available for most areas makes a lot of the original survey techniques 
obsolete.  Careful detailed sketch mapping on digital zoomed-in aerial image base sheets yields results on par with 
outcrop digitizing survey techniques but not necessarily precise enough for some strain calculations.    

REGIONAL STRUCTURE 

     Late Silurian/Early Devonian collisional deformation across Maine is dominated by a regional F2 fold phase of 
tight to isoclinal upright folding often with subhorizontal, hinge-parallel lineation that forms the basic NE-striking, 
steeply-dipping fold limbs, foliations, and shear-related tectonic fabrics. Steeply-dipping planar fabrics with gently-
plunging hinge-parallel lineation are characteristic of transpressional orogens that record a significant component of 
orogen-parallel strike-slip shearing in addition to the convergence.  This component of orogeny-parallel shearing, 
usually late in the tectonic development takes advantage of the steeply-dipping planar orogenic fabrics for 
reactivation in strike-slip.  It is this orogenic fabric of vertical-planar/horizontal-linear anisotropy that localized 
orogen-parallel shearing and the development of the Norumbega Fault Zone and influenced the nature of strain 
accommodation associated with that shearing in the surrounding rocks.   

     On the SE side of the main Norumbega Fault Zone, from Casco Bay eastward through the Mid-Coast, the 
deformational fabric of folds, foliations and lineations, however, shows a distinctly different pattern, aligned at an 
oblique angle to the trace of the main Norumbega Fault Zone (Fig. 1).   These oblique-to-fault upright F2-type folds 
and fabrics also appear to bend and anastomose into the NE-striking Norumbega zone as large-scale drag folds and  
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are attributed to regional dextral strike-slip shearing and strain accommodation.  Closer to the main fault zone in the 
northern Casco Bay area the same fold structures have been reoriented to be more parallel to the fault zone and 
continue to show the generally sub-horizontal elongation along with stronger dextral strike slip shear fabrics and 
structures.  

     This basic geometry of steeply-dipping limb layering under horizontal elongation is key to the development of 
boudinage as quartz- or granite-filled boudin partings to larger scale veins and dikes which can then serve as strain 
markers for subsequent deformation.  Km-wide zones of high simple shear strain parallel to these upright fold limbs 
are recognized by the rotational deformation of initially-orthogonal dikes and veins to yield oblique-to-layer strings 
of quartz and granite boudins.  Wider zones of pure shear only deformation are recognized by the lack of these same 
rotation features. 

SYN- TO POST-TECTONIC QUARTZ VEINS AND GRANITE DIKES 

     Granite intrusions of various sizes and shapes abound throughout the coastal exposures from northern Casco Bay 
through the Mid coast and into Muscongus Bay.  Larger kilometer scale granite masses have been mapped on the 
1:24000 quadrangle scale but throughout this entire area there are thousands of smaller-scale granite dike intrusions. 
The variably-deformed nature of these dikes from planar and undeformed to contorted by folding, stretched by 
boudinage or reoriented by shear indicates that they are syn- to post-tectonic in nature and, as such preserve the 
strain history associated with the later stages of this orogenic activity.  Similarly, on an even smaller-scale there are 

Figure 1.  Southeast flank of the Norumbega fault and shear zone system showing regional structure of 
oblique to fault trace upright fold system, general shear sense, strain domains  and  Field Trip Stops 1-5 
(modified from Osberg et al. 1985). 
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countless numbers of quartz veins and boudin partings that have been introduced by horizontal extension but now 
show the same signs of deformation as do the granite dikes.   These smaller-scale syn- to post-tectonic granites and 
this late stage deformation are likely related in time to the intrusion of the larger mapped and dated granite bodies.  
In the Mid-coast and Muscongus Bay areas the granites of the Waldoboro Pluton would be representative, dated at 
368 +/- 2 (U-Pb zircon; Tucker et al. 2001).  Regional shearing of the type examined here was then active during the 
Late Devonian and Early Carboniferous and then waned with cooling and strain localization along mylonite zones 
and localized brittle faults. 

     The regional structural set up of oblique-to-fault upright folds, steep limb layering and horizontal elongation  
(Fig. 2) fosters the introduction of new quartz- and granite-filled syntectonic structures that when modified by 
continuing deformation can serve as valuable kinematic indicators for shearing and the general pattern of strain. 

STRAIN PARTITIONING IN TRANSPRESSION 

     Both the planar and linear anisotropies in the rocks have a controlling influence on strain in any continuing 
deformation.   Shearing would reactivate and develop along the planar fabrics and extensional veins dikes and 
boudin partings are preferentially developed perpendicular to both the planar fabrics and the lineation.   With slip 
constrained to be parallel to the planar and linear fabrics and extension constrained to be perpendicular to the planar 
and linear fabrics any continuing deformation is forced to partition (Swanson 2007) between the simple shear and 
pure shear end member components to the overall deformation (Fig. 3).  Shearing parallel to the limb layers would 
be combined with shortening perpendicular to the layers (and elongation parallel to the lineation) to yield any 
general shear type convergent vector for the deformation.  

Figure 2.  Oblique-to-fault upright F2-type folds with characteristic hinge-parallel stretching lineation 
and cross fracture partings in developing symmetric boudinage.  Near-vertical limb layers and a 
horizontal stretching lineation create strong planar and linear anisotropies that force  strain partitioning 
into layer-parallel simple shear and layer-normal pure shear components.  Modification these initially-
orthogonal veins and intrusions creates asymmetric kinematic indicators and enables strain analysis to 
reveal regional strain domains. 
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Initially-Orthogonal and Layer-Parallel Vein Emplacement during Pure Shear 
     Pure shear components to the deformation (Fig. 4) are expressed as near-horizontal layer-parallel elongation 
coupled with layer-normal shortening as seen in the prominent ductile stretching lineations and the latest, 
undeformed, still orthogonal-to-lineation, quartz veins and granite dike intrusions.  Planar undeformed veins and 
dikes still perpendicular to the stretching lineation represent the last pulse of elongation as the area was exhumed 
through the brittle-plastic transition.   In addition and often simultaneously, granitic magmas were intruded parallel 
to the steep metamorphic layers as “sills”.   Each type of structure, in turn, responds to the subsequent pure shear 
deformation by forming symmetric layer-parallel granite boudinage in continuing pure shear elongation or tightly 
crumpled ortho granite dikes in continuing pure shear shortening.  

layer-parallel 
shear component

oblique-to-fault layer 

regional 
shear

combined 
general shear 
vector

layer-normal 
shortening 
componentmain fault trace 

a) b) 

Figure 3.  a.) oblique-to-fault layers related to regional shear; b.) strain partitioning of general shear 
vector into a strike-slip simple shear component parallel to layers and a pure-shear component of 
layer-normal shortening. 
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Figure 4. a.) Orthogonal/parallel emplacement plus 
pure shear model; b.) Instantaneous strain ellipse 
for pure shear with shortening and stretching 
quadrants and axes; c.) stereonet with distribution 
of poles to veins relative to foliation and lineation.  

Figure 5. a.) Orthogonal emplacement plus simple 
shear model; b.) Instantaneous strain ellipse for 
simple shear with shortening and stretching 
quadrants and axes; c.) stereonet with distribution 
of poles to veins relative to foliation and lineation. 
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Progressive Reorientation during Layer-Parallel Simple Shear 
     Older cross veins and ortho dikes from earlier pulses of elongation have been systematically deformed (involving 
rotation and elongation) by layer-parallel simple shear (Fig. 5).  Initially orthogonal-to-shear direction veins and 
dike intrusions have been reoriented by rotation (CW rotation for dextral shear and CCW rotation for sinistral shear) 
to lower and lower angles to the fabric-aligned shear. Poles to initially orthogonal-to-lineation quartz veins and 
granite intrusions track a great circle distribution across the stereonet due to rotation about steeply-plunging rotation 
axes during strike-slip shearing. 

     These initially orthogonal-to-lineation veins can also experience antithetic slip during a bookshelf-type rotation 
of the intervening blocks during shear.  Continued shear and rotation results in the elongation of veins or intrusions 
from pinch and swell to strings of boudin pods that are oblique to the layering and may eventually localize 
asymmetric folding and synthetic shear with asymmetric quartz or granite boudin pods and lenses that are 
streamlined by shear flow.  Cross-cutting relations for multiple vein or dike emplacements consistently show the 
higher angle-to layer veins are always younger than, and crosscut, the older lower angle-to-layer veins that show the 
most reorientation since emplacement. 

STRAIN DOMAINS 

     On the SE side of the main fault zone, from the eastern Mid-Coast to northern Casco Bay, the oblique-to-fault 
upright folds show a progressive CW reorientation during regional shear.  Zones of limb shear develop in narrow 
intervening synclines between adjacent broader anticlines representing a large scale lithologic strain partitioning and 
helps to divide the region into distinct strain domains (Swanson, 2010).  The progressive regional shearing of these 
oblique-to-fault folds has set up four different strain domains, each dominated by distinctive assemblages of strain 
and kinematic indicators as well as remarkably coherent stereonet plots of orientation data (Fig. 6).  These strain 
domains include dextral thrusting, right-lateral simple shearing, pure-shear-only shortening and elongation and left-
lateral simple shearing.  The simple shear domains include a component of simple shear not simple shear only and 
significant pure shear shortening and elongation has accompanied the interpreted simple shear components. 

NW Dextral Thrust Domain 
     Early deformation on the NW side of the main fault in the northern inner Casco Bay area consists of SE-dipping 
layers with oblique E-plunging lineations (Swanson 2010).  Map views show dextral kinematic indicators such as 
oblique granite boudin strings, and large slightly-rotated ortho granites with incipient flanking folds and z-shaped 
asymmetric folds.  Fold axes are perpendicular to the E-plunging stretching lineation and the stereonet distribution 
of undeformed to more deformed veins and dikes shows a rotation axis for the deformation perpendicular to the 
stretching/shear direction lineation (Siok et al. 2009).  This combination of strain and kinematic indicators points to 
a domain of dextral thrusting in the Yarmouth, Freeport and Brunswick area on the NW side of the main fault zone. 

Right Lateral Simple Shear Domain 
     The dextral thrust structures on the NW side of the fault are truncated in map view by a kilometers wide zone of 
strongly-lineated NE-striking gneisses with SW-plunging lineations in steeply SE-dipping layers that represent the 
main fault zone that runs through inner northern Casco Bay (Swanson, 1999a).  Dextral kinematic indicators abound 
throughout the area and include CW-rotated initially-orthogonal quartz veins and boudin partings, isolated 
asymmetric granite boudins and oblique-to-layer boudin strings, plunging z-folds, asymmetric pyrite and tourmaline 
porphyroclasts (Swanson, 1999a, Mayhew et al. 2007).  Stereonet plots of poles to quartz-filled boudin partings 
show a great circle distribution with a rotation axis that is contained in the plane of the layering and perpendicular to 
the SW plunging lineation.  The pattern of poles to undeformed veins and partings to deformed veins and partings 
indicates CW rotation in right lateral shear.  

     Similarly, several kilometers to the east, the 2 km-wide NNE-striking Phippsburg dextral shear zone (Jansyn et 
al. 2003, O’Kane et al. 2003, Miller et al., 2012) has localized along the western limb of the SSW-plunging Small 
Point Anticline.  Large granite dikes and granite boudin strings as well as smaller quartz-filled veins and boudin 
partings abound with most showing oblique orientations relative to the layering.  Stereonet plots of poles to veins 
and dikes show partial great circle girdles with CW rotation axes within the plane of the foliation and perpendicular 
to the gently SSW-plunging lineation. 
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Pure-Shear-Only Domains 
 Proceeding east across the SE side of the main Norumbega the pattern of dextral asymmetric kinematic indicators 

is interrupted by a ~5km wide zone of dominantly pure shear strain with no evidence of rotation of any features in 
strike-slip simple shear.  The N-S trending Yarmouth Island-to-Richmond Island Pure-Shear-Only zone is flanked 
on the west by main zone right lateral shear and on the east by the narrower Phippsburg dextral shear .  This Pure-
Shear-Only zone coincides with the broad S-plunging Hen Cove Anticline.  Spectacular symmetric competent-layer 
boudinage at Cundy’s Point attests to the near horizontal elongation history (Crawford et al. 2009).  Syn- to post-
tectonic granite dike intrusions cross the steeply-dipping layering at Yarmouth Island and Cundy’s Point at high 
orthogonal angles and reflect the sub-horizontal elongation as seen in the regional fold axis-parallel stretching 
lineation.  There are, however, no signs of any rotation or boudinage of these cross intrusions as seen in the strike-
slip shear strain zones.  Instead, most of these cross intrusions show pronounced folding about vertical fold axes 
indicating that a layer-normal shortening accompanied the layer-parallel and lineation-parallel elongation.  The fact 
that this Pure-Shear-Only zone coincides with the major Hen Cove Anticline (Laskowski et al. 2010) suggests that 
simple shear reactivation occurred mostly on the steeply-dipping limbs to these larger F2 upright folds rather than 
the more rigid and less favorably-oriented fold core zones. 

Figure 6. Distribution of stereonets relative to different strain domains across the SE flank of the 
Norumbega fault and shear zone system.  Pure-Shear-Only  zone stereonets show initial dikes and 
veins perpendicular to foliation/lineation with reorientation by folding to broad perimeter girdles.  
Shear zones range from left-lateral and right lateral to right-lateral thrust type movements.  Shear zone 
stereonets show initial dikes and veins perpendicular to foliation/lineation with reorientation by 
rotation during shearing into asymmetric partial girdles along best fit great circles whose pole defines 
the rotation axis for the deformation. 
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     To the east of the Phippsburg Shear zone is the much broader Mid-Coast Block of tight oblique-to-fault upright 
folds.  The vertical NS-striking layers in this Mid-Coast Block are dominated by cross-cutting orthogonal granite 
dike intrusions and quartz-filled boudin partings that show no sign of rotational strain. Layer-normal shortening is 
accompanied by layer-parallel elongation so that cross-cutting granite dikes are crumpled into multiple symmetric 
folds and competent-layer boudinage remains completely symmetric as can be seen at Seguin, Salter (Orton et al. 
2007, Plitzuweit et al., 2007) and Damariscove Islands (Waters et al. 2008). 

Left-lateral Simple Shear Domain 
     The eastern boundary of this Mid-Coast Block is marked by the appearance of left-lateral kinematic indicators 
suggesting NS-striking shear zones at Pemaquid Point (Castle et al. 2004, Benford et al. 2009) and eastern 
Muscongus Bay (Doyle et al. 2004, Olson et al. 2005, Betka et al. 2006).   Granite intrusions are common 
everywhere in the form of dikes and larger masses likely related to the nearby Late Devonian Waldoboro Intrusion.   
Exposures show CCW rotation of initially-orthogonal granite dikes to become oblique strings of asymmetric granite 
boudins.  Several exposures at Pemaquid and nearby Friendship-Long Island show distinct lithologic strain 
partitioning with more reorientation in the softer layers and remnant orthogonal initial orientations in the stiffer 
layers.   Adding to the left-lateral simple shear component in this area is the Harbor Island Fault Zone of eastern 
Muscongus Bay that runs through Crane, Harbor and Black Islands and consists of several single layer-parallel 
pseudotachylyte fault veins with clear meter-scale left-lateral offsets of earlier quartz veins (Swanson 2005). 

STRAIN CALCULATIONS 

     Changes in length and orientation of introduced initial structures allows the use of simple strain calculations to 
quantify the approximate % shortening, % elongation and gamma shear strain developed during regional shear-
related deformation.  Calculations involve line length comparisons, surface area reconstruction and measured cotan 
B angles. These calculations represent only minimum strains  due to only that part of the deformation since the 
introduction of the quartz veins or granite dike intrusions.   

Layer-normal shortening 
     In the Pure-Shear-Only strain domains, initially-orthogonal emplacement of veins and dikes is followed by 
significant layer-parallel shortening as can be seen in the tightly yet symmetrically folded veins and dikes that 
develop in these areas with no preferential CW or CCW reorientation.  Line length comparisons (Fig. 7a) between 
the initial length (as measured along the vein or dike contact following all folds) to the final length of the present-
day cross foliation length after shortening will calculate the % shortening involved in this pure shear strain type of 
deformation. Initial and final lengths can be measured using the string method in the field or by onscreen 
measurements in digital photos.  Results of calculations for the Yarmouth-Ragged zone range up to 52% shortening 
(Crawford et al., 2009) and for the Mid-Coast block, up to 89% shortening (Orton et al. 2007; Waters et al. 2008). 

Layer-parallel elongation 
     In the Pure-Shear-Only strain domains, layer normal shortening, as described above, is accompanied by layer-
parallel elongation aligned along the stretching lineation.  Elongation of competent metamorphic layers or layer-
parallel granite sills is calculated using a surface area reconstruction technique (Fig. 7a) that assumes no loss of 
volume during the elongation.  The sum of the measured surface areas for the boudin pods represents the surface 
area of the initial intact crosscutting vein or dike.  The maximum observed boudin thickness, as a minimum initial 
thickness for the initial vein or dike, can be used to estimate an initial length based on the measured surface area 
assuming a simple rectangular initial geometry.  Surface area measurements can be done manually using 
photographs and a polar planimeter or digitally using georeferenced hand held or camera-pole images.  Comparison 
of this estimated initial length with field measured final length calculates the % elongation involved in forming the 
boudinage.    Layer-parallel elongations calculated by this technique for the Yarmouth-Ragged zone up to 150 % 
elongation and for the Mid-Coast block, up to 300% elongation (Orton et al. 2007; Waters et al. 2008). 

Layer-parallel simple shear 
     In the Simple-Shear strain domains (Fig. 7b) there is a recognizable component of simple shear to the overall 
deformation.  This introduces a rotational strain with CW rotation for dextral shear or CCW for sinistral shear of the 
initially-orthogonal veins or dikes.  Psi angles of rotation increase with increasing simple shear strain developing 
oblique-to-layer boudin strings that rotate to lower and lower Beta angles to the shear/layer boundaries.  The tan Psi 
= cotan Beta = gamma shear strain calculation assumes card-deck simple shear and represents an apparent minimum 
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shear strain accounting for only that shear strain that developed since the initial vein or dike emplacement.  In 
addition, any accompanying pure shear component to the deformation  remain unaccounted for yet would contribute 
to the apparent rotation of the oblique-to-layer boudin string.   Gamma shear strain estimates (assuming simple end 
member simple shear) for the main shear zone in Inner norther Casco Bay can typically range to ~15-20 (Swanson, 
2007; O’Kane et al. 2003) but can be locally as high as ~50 (Mayhew et al. 2007).   

Elongation measurements for oblique boudin strings 
     Surface area reconstruction can also be used for the oblique-to-layer boudin strings (Fig. 8) to estimate the 
elongation that accompanied the CW or CCW rotation from initial orthogonal positions.   Total surface area and 
maximum boudin width as a minimum thickness for the initial vein or dike can be used to estimate an initial length 
for the orthogonal vein or dike assuming the simplest rectangular geometry.  In all cases, the estimated minimum 
initial length for the now oblique-to-layer boudin string exceeds the available cross-layer “rise” in a card-deck 
simple shear model.  This suggests that a significant component of pure shear as layer-normal flattening and layer-
parallel elongation has accompanied the shear-related reorientation of the initially-orthogonal vein or dike.  These 
calculations suggest an additional 50-80% layer-normal shortening (Swanson 2007; Castle t al. 2004; Mayhew et al. 
2007) was involved in the simple shear reorientation of these oblique-to-layer boudin strings.   This is similar to 
strain analysis results for high-strain zones in the Virginia Piedmont (Bailey et al. 2004) which showed 40-70% 
contraction normal to the zones in addition to the significant strike-slip component.  

 elongation by boudinage 

shortening by folding final length Lf 

reconstructed 
initial length Li 

a) pure shear

reconstructed initial length Li min. initial width 

final length Lf 

 run 

 rise 

B angle 

b) simple shear

initial length Li 

Figure 7. a.) strain analysis components for the orthogonal/parallel emplacement plus pure shear model with 
Lf and  folded vein Li; b.) strain analysis components for the orthogonal emplacement plus simple shear 
model including B angle (or run/rise) and Lf.  In both models Li is estimated from total boudin surface area 
using the thickest boudin as minimum initial width in a simple rectangular initial geometry. 
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STRAIN CYCLING 

     A number of observations help to constrain any model of strain cycling for the development of these oblique-to-
layer boudin strings.  First, tensional failure and emplacement of veins and dikes occurs when Sigma 1 is 
perpendicular to the layers as in a pure shear strain type of deformation.  Tensional failure does not occur at 45 
degrees to the shear zone/layer boundaries as expected in a simple shear type deformation.  Second, orthogonal 
emplacement is followed immediately by reorientation without any significant vein- or dike-parallel shortening, 
implying that the once in place the vein or dike rotated immediately into the extensional field as predicted in a 
simple shear model.  Third, layer-parallel elongation is accompanying the rotation of the oblique-to-layer boudin 
strings.  And fourth, higher angle-to-layer veins crosscutting lower angle-to-layer veins implies that this process can 
be repeated multiple times in the same location.   

     Figure 9 uses a diagram modified from Ramsey & Huber (1983) to show how the orientation of the Sigma 1 
direction within a shear zone depends on the magnitude of the added normal stress component.  High enough normal 
stress and shearing stops as the Sigma 1 direction continues to rotate to become perpendicular to the now inactive 
shear zone boundaries.   Here, pure shear deformation leads to tensional failure and the introduction of the new 
quartz and granite-filled features.  After tensional failure and the relief of the normal stress, simple shear takes over 
to rotate orthogonal features immediately into the extensional field for simple shear.  The pure shear component then 
rebuilds adding elongation and more angle changes to the final oblique-to-layer boudin string.   

IMPLICATIONS FOR TECTONIC MODEL 

     Regional strain characteristics are combined into a model of oblique-to-fault upright folding and fold tightening 
against a restraining bend in the Norumbega fault zone which sets up the different pure and simple shear dominant 
strain domains.  Both the smaller Yarmouth-Richmond and the larger Mid-Coast blocks of pure-shear-only 
deformation are flanked by simple shear zones of strike-slip deformation. Flanking zones of same sense shear zones 
as in the Yarmouth-Richmond block suggest imbrication of fault lenses at the Casco Bay restraining bend section of 
the fault.  Flanking zones of opposing-sense shear suggest a lateral extrusion model of driving crustal blocks out of 
the restraining bend.  Here, the more rigid Mid-Coast block appears to have extruded southward between a pair of  

minimum 
initial width = 
1.06 m B = 11

0
 

cross-layer 
“rise” = 21 m 

total boudin surface area = 33.6 m
2 reconstructed initial length = 31.7 m 

boudin area/initial width = initial length for 
rectangular starting geometry 

Figure 8. Example strain analysis using the Pemaquid boudin string.   Assuming the orthogonal 
emplacement + simple shear model with CCW rotation to B = 110, cotan B = gamma of 5.1.  
Comparing the estimated initial length with the shorter measured cross layer “rise” for the boudin 
string suggests an additional layer-normal shortening component to the deformation.  
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opposing-sense shear zones as in the right-lateral Phippsburg Shear Zone on the west and the left-lateral Pemaquid-
Harbor Shear Zones on the east. This southward lateral extrusion, out of the restraining bend area on the fault, likely 
developed as part of a progressive imbrication, or contractional telescoping, of fault blocks during dextral 
transpression.  

CONCLUSIONS 

     The pattern of regional strain accommodation on the SE side of the Norumbega takes the form of oblique-to-fault 
upright folds that have rotated clockwise during continued shear. These upright F2 folds show evidence of hinge-
parallel elongation as a prominent stretching lineation and accompanying symmetric boudinage. Distortion of 
initially orthogonal-to-lineation boudin partings, quartz veins and granite dike intrusions by simple shear 
mechanisms to yield asymmetric boudinage and oblique-to-layer boudin strings helps to delineate local strain 
domains of dominant pure shear versus simple shear type deformation.  The strain partitioning between a strike-slip 
layer-parallel simple shear component and a layer-parallel elongation and layer-normal shortening  pure shear 
component is due to the prominent planar and linear anisotropy in the host rocks under oblique convergent 
deformation. The development of a Mid-Coast block of pure-shear-only deformation with layer-normal flattening 
and lineation-parallel elongation with flanking simple shear zones of opposing shear sense indicates a southward 
crustal extrusion that corresponds with a restraining bend in the trace of the main Norumbega zone.   
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Figure 9. a) cyclic pattern in the orientation of compressive stress direction from oblique to shear to 
orthogonal to shear; b) graph showing initial simple shear followed by increasing normal stress and pure 
shear component until tensional failure and orthogonal vein/dike emplacement.  
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DRIVING AND WALKING LOG 

MEETING POINT: 
7:30 AM at the Park & Ride Lot, Rt 1,  Freeport -  next to the Super 8 motel and across from the Econo Lodge.   
There will be an empty 10 passenger van available for carpooling to reduce number of vehicles. We will leave 
promptly for the 1 hr 10 min ride to Stop #1 at Pemaquid Point and return to this Freeport Park & Ride Lot at the 
end of the day. 

Directions:  From Rt 295 North or South:  take Exit 20 Desert Road and follow signs to Rt 1 South,  proceed for 
~1/4 mile to Park and Ride Lot on the right.  
UTM Coordinates:  E 409827, N 4854737. 

Lunch:  Nearby Hannaford grocery store in Freeport opens at 7:00 AM, if needed.   
Physical demands:  Easy short hikes to coastal rock exposures.  Uneven rock outcrops can be dangerous when wet. 
Entrance fees:  $2 per person fee for entrance to Pemaquid Point Lighthouse Park, 9-5 daily. 

This field trip is covered by Maps 6 & 7 in DeLorme’s Maine Atlas and Gazetteer. 

7:35-8:45 1 hr 10 min Travel Time Freeport to Stop 1A - Pemaquid Point Lighthouse Park 

Mileage 
0.0 Rt 1 Park & Ride, Freeport, turn left onto Rt 1 North and left at 1st traffic light following signs to 

I-295 North, proceed on I-295 North. 
8.0 Take Exit 28 Brunswick/US Rt 1 North, follow Rt 1 North through Brunswick, Bath and Wiscasset to 

Damariscotta. 
37.1  Turn right onto Me Rt 129 South/Bristol Rd. 
40.0    Bear left onto Me Rt 130 South/Bristol Rd, follow Rt 130 South through Bristol and on to Pemaquid Point. 
51.7  Entrance to Pemaquid Point Lighthouse Park; $2 entrance fee between 9-5.  Bathrooms available. 

8:45-9:30   45 min  STOP 1a – Pemaquid Point Lighthouse Park  (E 459284, N 4853973 UTM) 

STOP 1A Walking Log: 
     Follow the path from the lower southern end of the parking area for about 20 m down to the outcrops.  Tour will 
proceed across the steeply dipping metamorphic layering and then back up towards the Lighthouse.   

STOP 1A Description: 
Pemaquid Point has been mapped as part of the Silurian-Ordovician Bucksport Formation (SOb) 

consisting of quartz plagioclase biotite hornblende granofels and gneiss. Late stage syn- to post-tectonic 
granites were developed as both layer-parallel sills and as cross-cutting dikes perpendicular to the fold 
limbs, the fold axes and the stretching lineations in the host rock.  Thick cross-cutting ortho dikes can be 
seen with several layer-parallel intrusive fingers each developing symmetric boudinage.  Thick layer 
parallel sills can be observed with perpendicular offshoots each undergoing layer-normal shortening. 

The Lighthouse Park exposures (Fig. 10) show a variety of symmetric and asymmetric boudinage 
developed within the steeply-dipping F2-type fold limb layering.  Several small isoclinal upright anticlines 
with sub-horizontal fold axes and co-linear stretching lineations are exposed that define the controlling 
planar and linear anisotropies in the host rock as it continued to deform.   A single large layer-parallel 
granite intrusion forms the high ridge along the far eastern edge of the outcrop and developed distinctive 
symmetric boudinage with steeply-plunging boudin necklines.  There are also a variety of oblique-to-layer 
granite boudin strings suggesting CCW rotation from initially-orthogonal dikes due to apparent left-lateral 
layer-parallel shear.  Many of the individual granite boudins in these oblique strings have developed 
asymmetric shapes with slight asymmetric flanking folds indicative of left-lateral layer-parallel shear. The 
prominent granite boudin string in the center of the outcrop map area was used for the example strain 
analysis discussed previously.  The results of strain analysis for the Pemaquid Point area indicate apparent 
left lateral simple shear gamma values up to ~11 as well as significant layer-normal shortening (up to 
~80%) and layer-parallel elongation (up to ~420%) in an additional pure shear component (Castle et al. 
2004). 
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9:30-9:35 5 min Travel Time to Stop 1B - Pemaquid Point West Strand Rd. Outcrops 

Mileage 
0.0 Exit park on Rt 130 N/Bristol Rd.and after ~500 ft…take 1st left onto Pemaquid Loop Rd. 
0.4 After road swings around to the NW turn left into small dirt parking area 

9:35-10:05     30 min  STOP 1b West Strand Road Outcrops (E 458686, N 4853695 UTM) 

STOP 1B Walking Log: 
     From the Pemaquid Loop parking area walk back and to the NW along West Strand Rd for 260  meters to where 
the road starts to swing around to the north, turning left into small path through the coastal shrubbery to where the 
coastal outcrop.  Proceed down to the outcrop and back to the N end of the selected exposures.  Tour will then 
proceed south and then southeast along the outcrop 

STOP 1B Description: 
The West Strand Rd exposures (Fig. 11) show a complex mix of deformed syntectonic granite dikes and 

veins showing both layer-parallel intrusion and symmetric boudinage along with smaller zones of possible 
left-lateral shear as seen in oblique-to-layer granite boudin strings.  The northern end of the mapped 
exposures shows a large m-thick late orthogonal granite roughly perpendicular to the steeply dipping layers 
and to the gently S-plunging stretching lineation.  Two small several cm-thick granitic veins, oblique-to-
layers, show distinct lithologic strain partitioning with greater CCW rotation in darker more pelitic layers 
and remnant initial orthogonal orientations in a single more competent quartzite layer that resisted left-
lateral shear.  Similar lithologic-control geometries have been seen in half-a-dozen other locations. 

The rest of these exposures reveal an assortment of granitic intrusions of differing ages with earliest 
layer-parallel intrusions that show prominent symmetric boudinage reflecting continued layer-
parallel/lineation-parallel elongation.  Later fine-grained granites display complex deformations some of 
which can be attributed to a layer-parallel sinistral shear component. 
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Figure 10.  STOP 1A: Pemaquid Point – Pemaquid 
Lighthouse Park exposures. 

Figure 11.  STOP 1B: Pemaquid Point - West Strand 
Road exposures. 
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10:05-11:15 1 hr 10 min Travel Time to Stop 2 -  Hermit Island, Phippsburg 

Mileage: 

0.0 Exit Pemaquid Lighthouse Park and onto Me Rt 130 North/Bristol Rd. 
11.7 Bear right and merge onto Me Rt 129 North/Bristol Rd. 
14.6 In Damariscotta turn left onto Rt 1 South and follow through Wiscasset, 

Woolwich to Bath.  
32.6 Follow signs for Me Rt 209 South, exit onto Leeman Hwy. Left onto Middle Street and 

1st right onto Granite Street.  
32.9 Turn left onto Me Rt 209 South. 
44.1 Stay straight onto Rt 216 South thru Small Point 
47.0 Turn right onto Head Beach Rd. 
47.3 To parking at Head Beach. 

11:15-12:30 1 hr 15 min  STOP 2 – Hermit Island, Phippsburg - (E 431469, N 4841105 UTM) 

STOP 2 Walking Log: 
     From available parking at the far end of Head Beach walk in ~825 m  going through the closed campground 
entrance at ~100 m and following the camp road keeping left up the hill.  Keep left at the fork at ~360 m; down to 
the beach at 525 m and across the beach to the edge of the western Wallace Head at 825 m. 

STOP 2 Description: 
This area of Phippsburg is underlain by the Ordovician-age Cape Elizabeth Formation consisting of a 

variety of muscovite biotite schists. The Wallace Head exposures on the western side of Hermit Island (Fig. 
12) consist of biotite muscovite garnet quartz andalusite schists and show steeply-dipping NNE-striking
layers with generally gentle SSW-plunging lineations.  Having left the sinistral shear structures back at 
Pemaquid Point, we now see dextral shear structures at Hermit Island, having crossed over the Mid-Coast 
domain of Pure-Shear-Only structures.   The Wallace Head section of Hermit Island is part of the 
Phippsburg Shear Zone, an intervening dextral high shear strain zone between the Pure-Shear-Only Zones 
at Yarmouth-to-Ragged Islands to the west and the mid Coast section from Small Point to Pemaquid Point 
on the east. The Wallace Head exposures show a variety of asymmetric kinematic indicators for dextral 
strike slip shearing including CW-rotated initially-orthogonal veins and boudin partings filled with granite, 
quartz/andalusite and/or quartz/garnet as well as P-type, tourmalinized, dextral kink-bands.  Some small, 
more complexly deformed veins and intrusions show layer-normal shortening effects in addition to the 
rotation and elongation effects of dextral strike-slip shearing.  Strain analysis for rocks at Hermit Island and 
nearby Wood Island show up to ~11 gamma for oblique boudin strings in apparent right lateral shear and 
layer-normal shortening of up to 66% from crumpled crosscutting orthogonal granite veins (O’Kane et al. 
2003). 

12:30-1:25 55 min travel Time to Stop 3 - Giant Stairs, Bailey Island Harpswell 

Mileage: 
0.0 Exit Head Beach on Head Beach Rd 
0.3 Turn left onto Rt 216/ Small Point Rd. North 
3.2 Merge with Rt 209 North and follow to Bath 
14.4  Turn left onto entrance ramp to Rt 1 South 
14.5 Onto Rt 1 South and follow out of Bath and into Brunswick. 
19.4   Exit right to Cook’s Corner Brunswick and onto Rt 24 South 
34.1  Turn left onto Washington Avenue 
34.2 Find available parking in front of small church on the left and along roadway 

13
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1:25-2:25    1 hr Stop 3 Giants Stairs, Bailey Island, Harpswell  (E 419900, N 4841969 UTM) 

STOP 3 Walking Log: 
     From available parking at the small church and along the road, follow signs to Giant Stairs and walk 140 m SE 
down Ocean Street to the Giant Stairs property, enter along shoreline path at the north end of the exposures.  
Continue for another 50 m and turn left into available short paths to outcrop through coastal shrubbery and abundant 
poison ivy. 

STOP 3 Description: 
The Giant Stairs exposures on the east side of Bailey Island consist of garnet staurolite muscovite biotite 

schists of the Ordovician-age Cape Elizabeth Formation and , of course, the large Triassic-age basalt dike 
intrusion that has been plucked out by wave action to form the giant-sized steps down to the ocean that give 
this nature preserve its name.  The mapped exposures are shown in northern and southern sections (Fig. 13) 
where the NNE-striking metamorphic host rock foliation is very steeply-dipping to near-vertical in 
orientation with gentle SW-plunging stretching lineations.  These outcrops exhibit numerous deformed and 
reoriented quartz-filled boudin partings running oblique across the steep foliation.  This consistent 
geometry suggests initial layer-parallel elongation and the development of orthogonal boudin partings 
followed by CW rotation due to right-lateral shear.  While many of the quartz-filled partings have 
developed clear asymmetric geometries due to a simple shear component but others show signs of layer-
normal shortening in a pure shear component.   

A single distinctive 30 cm thick amphibolite layer exposed at the base of the outcrop cliff edge has 
separated into boudin pods along initially-orthogonal partings that have evolved through CW rotation and 
layer-parallel right lateral simple shear.  The resulting boudin geometry has changed from rectangular to 
parallelogram reflecting the internal layer-parallel shear within the amphibolite. 

Figure 12.  STOP 2: Hermit Island– Wallace Head 
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Figure 13.  STOP 3: Giant Stairs exposures 
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2:25- 3:00 35 min Travel Time to Stop 4 - Merepoint, Brunswick 

Mileage: 
0.0 back out Washington Avenue to Rt 24 
0.1 turn right onto Rt 24 North 
6.3 Turn left onto Mountain Rd 
8.9 Turn right onto Harpswell Neck Rd./Rt 123 N 
12.7 Turn left onto Middle Bay Rd. 
13.9 Sharp left onto Merepoint  Rd. 
(18.4  Turn left into public boat ramp to use available bathrooms.  Turn left back onto Merepoint Rd. to continue.) 
18.5  Onto Sea Point Rd 
18.6  and onto Central Avenue 
18.8  Turn left into available parking on the far side of the neighborhood tennis court. 

3:00-3:30 30 min  STOP 4 – Merepoint, Brunswick - (E 417642, N 4852965 UTM) 

STOP 4 Walking Log: 
     From available parking at the neighborhood tennis courts, walk southwest along Central Avenue for about 260 m 
to the sharp turn-around at the end at Merepoint.  Follow short path out to the small outcrops on the point. 

Stop 4 Description: 
The Merepoint exposures (Fig. 14) consist of moderately-dipping rusty muscovite-biotite schists of the 

Merepoint member of the Ordovician-age Cushing Formation which transitions to the east into the grey 
quartz plagioclase biotite gneisses of the Cushing Formation itself.  These exposures represent part of the 
main dextral high shear strain zone in northern Casco Bay marked by SW-plunging lineations within SE-
dipping foliations.  The exposures at Merepoint itself show distinctive oblique-to-layer strings of granite 
boudins at small Beta angles to the foliation, several individual asymmetric granite boudins and one large 
isolated granite boudin with asymmetric isoclinal flanking folds indicative of dextral shear.  Similarly, 
large isolated granite boudins such as this are found at the tips of many of the islands along strike to these 
at Merepoint.   

Strain analysis of the oblique granite boudin strings relative to the foliation indicate gamma shear strains 
up to ~13 and boudin string-parallel elongations up to ~600%.  Other nearby exposures in the area show 
gamma shear strain up to ~23 (O’Kane et al. 2003). 

3:30-4:00     30 min travel time to Wolf Neck Woods State Park 

Mileage: 
0.0 Turn left back onto one-way Central Avenue and follow around point to E Marginal Rd. 
0.6 Merge into SeaPoint Rd 
0.7 Merge into Merepoint Rd. 
6.2 Merge into Maine Street. 
6.4 Sharp left turn onto Pleasant Hill Rd. 
12.5  Sharp left turn onto Flying Point Rd. 
13.3 Right turn onto Wolfes Neck Rd. 
15.4  Turn left into entrance road to Wolf Neck Woods State Park 
15.7 Continue to parking area (entrance fee waived for field trip participants, bathrooms available) 

4:00-5:00 1 hr STOP 5 Wolf Neck Woods State Park – (E 412838, N 4852649 UTM) 

STOP 5  Walking Log: 
     From south end of parking area, follow signs to the shoreline and the Casco Bay Trail.  Walk along trail for ~420 
m to the 2nd shoreline access point with stairs descending to the outcrops. 

15
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STOP 5 Description: 
The NW side of the main fault zone in the northern Casco Bay area of Falmouth, Freeport and 

Brunswick is comprised of rocks of the Falmouth-Brunswick sequence and includes the grey plagioclase 
quartz biotite gneisses of the Ordovician-age Nehumkeag Formation.  Rocks in the Wolf Neck area are 
dominated by moderately SE-dipping metamorphic layers that record early W-directed thrusting along E-
plunging lineations.  These lineated gneiss layers also show dextral kinematic indicators in map view that 
includes cross quartz veins and granite dike intrusions with rotation to oblique-to-layer boudin strings, 
asymmetric streamlined granite and quartz lenses and asymmetric Z-shaped plunging folds.  Exposures at 
nearby Lane’s Island (Siok et al. 2009) exhibit the E-plunging stretching lineation in both the metamorphic 
layers and the older layer-parallel granites and perpendicular to this, sometimes in the same outcrop, the S-
plunging fold axis lineation as well.  The Wolf Neck State Park exposures as in this 2nd shoreline access 
point (Fig. 15) show late ortho granite dikes perpendicular to a strong E-plunging stretching lineation, some 
with asymmetric flanking folds showing the beginning of shear related rotation.  Older more deformed and 
reoriented granites are preserved as oblique-to-layer granite boudin strings with S-plunging boudin 
necklines. 

In stereonet plots of poles to granite dikes from this area, the distribution of those poles tracks a great 
circle across the net whose pole represents the rotation axis for this shear-type deformation.  These plots 
show a well-defined rotation axis for the shear deformation that is S-plunging perpendicular to the 
stretching lineation/shear direction and parallel to the fold axis lineation for the asymmetric folding.  The 
geometry of these two lineations, one as the stretching/shear direction and the perpendicular asymmetric 
fold axis lineation indicate a W-directed overthrust deformation on the dominantly SE-dipping 
metamorphic layers. 
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5:00-5:05 5 min travel time back to Freeport Park & Ride Lot – (E 409827, N 4854737 UTM) 

Mileage: 

0.0 Exit park  on entrance road 

0.3 Turn right onto Wolfes Neck Rd. 

2.4 Turn left onto Flying Point Rd. 

3.8 becomes Bow Street 

4.8 Turn left onto Rt 1 in downtown Freeport 

6.3 Turn right into Rt 1 Park and Ride Lot, Freeport. 
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INTRODUCTION 

 

Structural, geochemical and geochronological data from transpressive orogenic belts show regional deformation 

and the emplacement of plutons to be coeval processes. Therefore, it is important to consider the relation between 

these processes in order to understand what must be fundamentally connected orogenic processes. If magma flow 

through deforming rocks is recorded by structures in migmatites and associated granites, study of such rocks 

requires multiple scales of observation. Crustally derived granites are important probes of the unexposed cores of 

orogens. Although the structural record may be reconstructed in the field, questions remain regarding the ascent 

mechanisms, and the timing of magmatism vs. deformation and metamorphism.  

 

In southern Maine a variety of magmatic and deformational textures characterize the diverse granites that crop 

out within and adjacent to the Norumbega shear zone system (NSZS; Fig. 1). Existing regional maps do not address 

relations between granites of various scales and their host structures. Field evidence for synkinematic transport and 

emplacement of granite is abundant, hence we seek to define the extent to which regional metamorphism and 

deformation accompanied granite magmatism, and whether these processes were phased or diachronous. In order to 

consider such problems appropriately, we integrate thorough field and structural analysis with precise 

geochronology and isotopic/elemental geochemistry. 

 

This Field Guide and Trip 

This guide represents the current interpretation of results of a ~20 year multi-disciplinary study of rocks of the 

northern Appalachian migmatite-granite belt. The study comprises several ongoing concurrent and related projects 

that together form a database of fine-scale documentation of the 400 km
2
 Permian Sebago pluton and its surrounding 

Migmatite-Granite complex (MGC, Devonian, on the W, N and E of the pluton and related rocks in southern Maine 

and New Hampshire. The larger-scale goals of the project are realized through detailed field and laboratory work, 

where we document variations of mineral content, structures and fabric at the meter- to millimeter-scales in rocks of 

the pluton and MGC. The results are expected to be useful in understanding the nature of the Sebago pluton and its 

construction, as well as the interrelation of the processes of metamorphism, melting/melt segregation/magma flow, 

magma ascent and emplacement, and plastic deformation in southern Maine and the northern Appalachians. 

 

This work is based significantly on earlier works, updated as new data have been generated. Parts of this present 

trip guide (STOPS 1, 2, 4, 5 and 8; Fig. 2) were included on previously trips for National GSA (Solar et al., 2001) 

and NEGSA (Solar and Tomascak, 2009). Beginning in 2002, the work has been dominated by undergraduate 

student projects in our research group, much of which has been in studies parallel with the current authors’ work. 

Most of the details reported in this guide were compiled and interpreted as a direct result of those studies, and we 

acknowledge the significant efforts put forth by our students at Buffalo State and Oswego State in the success of the 

project goals.  
 

Our studies have concentrated on single large exposures or closely-spaced sets of exposures (and specimens 

collected from these; e.g., STOPS 3, 4, 5, 6 and 8) in order to permit study at meter- and centimeter-scales at 

outcrops and in the laboratory. Laboratory study has focused on both petrography in hand specimen and thin section, 

and geochemistry and geochronology in order to augment field data and relations. After regional study reported in 

Solar and Tomascak (2001, 2002), more detailed field studies of the eastern MGC (Hays and Solar, 2006; Gulino et 

al., 2007; Bohlen and Solar, 2010; Luther et al., 2015; Tomascak and Solar, 2016), western MGC (Kalczynski and   
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Figure 2 (preceding page). Geological, structural and field stop map of the Sebago pluton and the Migmatite-

Granite complex, area north of Portland ME, and south of Lewiston, ME (see Fig. 1 for location). Grid areas are 

towns (e.g., Standish, ME). Field trip stops are indicated, as are many of the roads used in the road log. The thick 

dashed line that is the boundary of the Sebago pluton is the mapped limit of granites we associate with that body. 

The contact is seen only at STOP 8 in the northeast. The thick dashed line that is the boundary of the Migmatite-

Granite complex is the limit of migmatitic rocks in the map area; migmatitic rocks extend to the north and west of 

the map space. Structural data on the map are representative; stereograms show all data.  

------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

Solar, 2008) and the northeastern contact of the pluton (LaFleur et al., 2008; Nyitrai et al., 2009; Naschke et al., 

2010). Geochemical and geochronological studies have been performed in tandem (Cirmo et al., 2006; Tomascak et 

al., 2008, 2013; McAdam et al., 2009). 

REGIONAL GEOLOGICAL SETTING 

 

The northern Appalachians are divided into NNE-SSW-trending tectonostratigraphic units (Fig. 1; Zen, 1989; 

Robinson et al., 1998). The Central Maine belt (CMB) is the principal unit that occupies most of the eastern part of 

New England and New Brunswick, Canada, composed of a Lower Paleozoic sedimentary succession, deformed and 

metamorphosed at greenschist to upper amphibolite facies conditions, and intruded by plutons of Devonian age (e.g., 

Osberg et al., 1968; Williams, 1978; Moench et al., 1995; Bradley et al., 1998; Robinson et al., 1998; Solar et al., 

1998; Dorais and Paige, 2000; Dorais, 2003). The CMB is composed of a Lower Paleozoic sedimentary succession, 

deformed and metamorphosed at greenschist to upper amphibolite facies conditions, and intruded by plutons of 

Devonian age (e.g. Moench et al., 1995; Bradley et al., 1998; Solar and Brown, 2001a). The CMB is located 

between Ordovician rocks of the Bronson Hill belt (BHB) to the W and NW that were deformed and 

metamorphosed during the Ordovician Taconian orogeny, prior to deposition of the CMB sedimentary sequence. To 

the SE of the CMB, rocks are Neoproterozoic to Silurian age of the Avalon Composite terrane (ACT).  

Deformation in the northern Appalachian orogen was partitioned heterogeneously during dextral transpression 

in response to Early Devonian oblique convergence (van Staal and de Roo, 1995; West and Hubbard, 1997; van 

Staal et al., 1998). Dextral transpression (SE-side-up displacement) was accommodated within the CMB shear zone 

system in Maine (Brown and Solar, 1998a; Solar and Brown, 2001a) while dextraltranscurrent displacement was 

accommodated within the Norumbega shear zone system (West and Hubbard, 1997; West, 1999) along the 

southeastern side of the CMB (Fig. 1). By the Carboniferous, deformation had ceased within the CMB shear zone 

system and strain had localized into the Norumbega shear zone system (Hubbard et al., 1995; West and Hubbard, 

1997; Ludman, 1998; West, 1999). 

 

As the NE-SW-trending structures in the CMB and ACT developed in response to dextral transpression, 

metamorphism and migmatite formation were coeval in the CMB Siluro-Devonian sedimentary succession (see 

Moench, 1970a and Moench et al., 1995; Solar and Brown, 1999, 2001a, 2001b). In the CMB rocks, Brown and 

Solar (1999) and Solar and Brown (2001b) related migmatite structures and plutons, and the geochemistry of 

migmatites and their separates (melansomes and leucosomes) and of granites from various associated plutons to this 

structural context. In eastern New Hampshire and western Maine, much effort has been made to document 

metamorphic reactions, and to separate periods of metamorphism (e.g., Guidotti, 1974, 1989; Holdaway et al., 1982; 

Eusden and Barreiro, 1988; Smith and Barreiro, 1990) and plutonism (e.g., Tomascak et al., 1996b; Bradley et al., 

1998; Solar et al., 1998). Plutons have been studied more recently (e.g., Pressley and Brown, 1999; Dorais, 2003; 

Tomascak et al., 2005) in order to better understand how they have, or have not, recorded periods of orogenesis. 

 

Regional metamorphism  

Polymetamorphism of the pelitic stratigraphic sequence is well documented in both the CMB and the ACT in 

Maine (see Guidotti, 1989, for a review; Holdaway et al., 1997; Johnson et al., 2003) and in parts of contiguous New 

Hampshire (e.g., Chamberlain and Lyons, 1983). Greenschist facies pelitic rocks in central Maine to the northeast 

increase in grade to upper amphibolite facies (and migmatite) within 20 km along strike to the southwest (Fig. 1; 

Guidotti, 1989). The metamorphic field gradient is the product of polymetamorphism (e.g., Chamberlain and Lyons, 
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1983; Guidotti, 1989, 1993) classically considered related to local pluton-driven thermal pulses (De Yoreo et al., 

1991) overprinted on a regionally elevated thermal gradient that resulted from transpression (Brown and Solar, 

1999; Solar and Brown, 1999, 2001b). 

 

Migmatite  

Migmatites in Maine and New Hampshire are the core of a diachronous ‘metamorphic high’ that extends from 

eastern Connecticut to Maine (Schumacher et al., 1990; Fig. 1). Migmatites are in two types that correspond with 

structures: stromatic migmatites – parallel-layered leucosome-melanosome-host rock; and diatexite, a rock in which 

the protolith structures are not observed, suggesting destruction by diatexis. Migmatite domains in western Maine 

vary from strongly-foliated metasedimentary rock with a few mm-scale leucosomes per m
2
, in which relict primary 

structures are preserved, to rocks structurally disrupted by advanced melting (diatexis) and schlieric granite (Solar 

and Brown, 2001b). Migmatites are separated into varieties based upon internal structure, e.g., stromatic and 

heterogeneous (e.g., Brown and Solar, 1999; Solar and Brown, 2001b), and these rocks grade into diatexite. In 

western Maine, the types of migmatite map into discrete zones that correspond with the structural zones (Solar and 

Brown, 2001b). Migmatites appear to be less well organized in southern Maine and New Hampshire, however, 

mapping of migmatite varieties in those areas is less complete (Allen, 1996; Solar and Tomascak, 2001, 2002), 

although petrogenetic studies in New Hampshire migmatites are much more complete (e.g., Chamberlain and Lyons, 

1983; Dougan, 1979, 1981, 1983). Within the ‘metamorphic high,’ the protolith of the migmatites is interpreted to 

be rocks of the CMB stratigraphic sequence based upon relict structures and geochemistry (Solar and Brown, 2001b; 

Johnson et al., 2003). All migmatites have discrete to diffuse trondhjemitic leucosomes. Solar and Brown (2001b) 

compared the geochemistry of metapelite source rocks, migmatites and leucogranites to evaluate the hypothesis that 

migmatites and leucogranites in western Maine are cogenetic. From structural, geochemical and geochronological 

data, interpretations and arguments presented in Brown and Solar (1998a; 1998b; 1999), Solar et al. (1998), Pressley 

and Brown (1999), Solar and Brown (1999; 2001a; 2001b) and Johnson et al. (2003), a syntectonic model was 

progressively constructed for the CMB to explain the relation between orogenic deformation and granite melt flow 

and pluton emplacement in Maine. 

 

Granites 

Granite plutons are kilometer-scale (Fig. 1). Some larger plutons cut across the regional structures without 

either significant deflection of structural trends or formation of a significant deformation aureole, particularly in 

Maine (Brown and Solar, 1999). Some have taken this relation to illustrate that the plutons are post-tectonic (e.g., 

De Yoreo et al., 1991) whereas others consider these relations due to the erosional “cut” effect of pluton shapes on 

maps (Brown and Solar, 1999). In Maine, the close association between smaller plutons (by area) and heterogeneous 

migmatite in similar structural zones (Solar and Brown, 2001a, 2001b; see Fig. 2 - stereograms), has been used to 

suggest a relation between structure, granite ascent and emplacement (Brown and Solar, 1998a, 1998b, 1999; 

Pressley and Brown, 1999; Solar and Brown, 2001b). In southern Maine, Tomascak and Solar (2001) reported a 

close spatial relation between migmatites and the Sebago pluton (Figs. 1 and 2) where the pluton is enveloped by a 

migmatite terrane that has many internal smaller (km-scale) bodies of granite. In New Hampshire, granites show a 

similar relation to their Maine counterparts. In the Mount Washington area (Fig. 1), the “Wildcat granite” is a 

diatexite at the high-end part of the metamorphic field gradient, and shows a gradational relation with the 

surrounding more stromatic migmatite. Geochemical studies (e.g., Dorais, 2003) have focused upon the petrogenesis 

of the plutonic suite in New Hampshire suggesting that the source of these granites may have significant 

components from basement rocks. This is similar to geochemical findings in western Maine where plutons have 

discrete basement-source components, but are otherwise probably sourced from melting rocks similar to those of the 

CMB (Pressley and Brown, 1999; Tomascak et al., 2005). 

 

The Sebago batholith? 

Previous work to our own shows the Sebago pluton and most of its surrounding migmatites and associated 

granites as a single, much larger body (by area) known as the Sebago batholith (see Fig. 2 – the pluton and most of 

the MGC combined). The exception to this is the area just outside the SW limit of the Sebago pluton – these rocks 

were not mapped previously as part of the Sebago pluton, yet migmatites and granites are present (Kalczynski and 

Solar, 2008). This “batholith” shape of the body is on the Geological Map of Maine (Osberg et al., 1985), and other 

large-scale compilations, including the updated Lithotectonic Map of the Appalachian Orogen (Hibbard et al., 2006) 

making the body the largest (by mapping) exposed igneous complex in New England (>1600 km
2
).  
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The studies of Tomascak et al. (1996a, 1996b) put a framework in place for the area based on the 

geochronology and elemental and isotope geochemistry of granitic rocks. Using U-Pb TIMS analysis of a multi-

grain monazite fraction from near STOP 1, Tomascak et al. (1996b) determined a concordant age of 293 ± 2 Ma. 

This was taken to represent crystallization of the chemically- and texturally homogeneous, two-mica “core” of what 

was then mapped as the Sebago batholith. Tomascak et al. (1996a) began by using the mapped extent of the 

batholith (Osberg et al., 1985), but concluded that this lithological division was at odds with the geochemical data. 

Surrounding the 293 Ma “core” (their group 1 granites), a wide expanse of migmatitic rocks are intruded by granites 

that are texturally heterogeneous and this is reflected in their elemental and isotope geochemistry.  

 

Starting with the geochemistry results of Tomascak et al. (1996a), new mapping by Solar and Tomascak (2001, 

2002), supported by the existence of a plutonic “core” (gravity study by Behn et al., 1998), called for the separation 

of the Sebago pluton (sensu stricto; <400 km
2
), restricted to the south-central portion of the “batholith”, from the 

complex of heterogeneously textured migmatites and granites that surround it on the east, north and west (e.g., Solar 

and Tomascak, 2009; Tomascak and Solar, 2016). These surrounding rocks are collectively within the Migmatite-

Granite complex (MGC, Fig. 2; Tomascak et al., 2001, 2002, 2013; LaFleur et al., 2008; Luther et al., 2015. [Note: 

we previously called that domain the “Sebago Migmatite domain” (Solar and Tomascak, 2009; shown in this guide 

on Fig. 2 as the “Migmatite-Granite complex”) because of the null hypothesis that the migmatites and granites 

surrounding the pluton were related in timing to the pluton emplacement, not just in space.] The fundamental goal of 

the continuing research in this area is to understand the interplay between melt generation, extraction, and transport, 

and regional-scale deformation. Work has focused on integrated structural geology, petrography and geochemistry 

of specific outcrops, or closely-spaced outcrops in parts of the pluton and/or MGC (Hays and Solar, 2006; Gulino et 

al., 2007; Kalczynski and Solar, 2008; LaFleur et al., 2008; Nyitrai et al., 2009; Bohlen and Solar, 2010; Naschke et 

al., 2010; Luther et al., 2015), or the comparative geochemistry of the rocks in both parts (Cirmo et al., 2006; 

Tomascak et al., 2008, 2013; McAdam et al., 2009), in order to answer questions about the relation of the Sebago 

pluton and the MGC.  

 

THE SEBAGO PLUTON, THE MIGMATITE-GRANITE COMPLEX, AND THE  

NORUMBEGA SHEAR ZONE SYSTEM – RESULTS OF OUR EARLY WORK 

 
In southern Maine, the crystallization of the Sebago granite (ca. 293 Ma; Tomascak et al., 1996a) was coeval 

with strain accommodation within the dextral-transpressive Norumbega shear zone system (NSZS) located 

immediately to the southeast (Solar and Tomascak, 2001, 2002; Figs. 1 and 2). Early mapping in the SE contact 

zone of the batholith and surrounding areas showed no simple cross-cutting relation between the pluton and the 

NSZS. Instead, subconcordant granite sheets, migmatites and metamorphic rocks are interlayered within the NW 

boundary zone of the NSZS (similar to other mapping, e.g., Creasy and Robinson, 1997; Berry and Hussey, 1998). 

 

Granites in the “Sebago migmatite domain” correspond to petrochemical group 2 rocks of Tomascak et al. 

(1996b; Fig. 4). Structures in the migmatites SE of the pluton, in the area immediately NW of the NSZS are sub-

parallel to the local fabric of the NSZS (NE-SW striking and steeply dipping; Fig. 2). On a regional scale, our 

traverses across strike to the SE from the Sebago pluton into the NSZS show a progressive change in planar 

structures from NNE-striking, moderately SE-dipping to NE-SW-striking and steeply SE-dipping, with sub-

horizonal lineations. We found these structural changes are concurrent with a progressive increase in outcrop of 

plastically deformed concordant granite sheets and schlieric granites, and an increase in fabric intensity (Solar and 

Tomascak (2001, 2002). If the Sebago granites were related to the NSZS, we suggest that these observations, in 

concert with geochemical and geochronological data, illustrate granite ascent via structural control, but that 

deformation outlasted granite crystallization as the ascent conduit closed. However, our early stages of work on the 

Sebago-NSZS relations had no timing constraints to be able to assess a coeval, process-relation between the Sebago 

granites and the structure. 
 

Building on the geochemical and geochronological work of Tomascak et al. (1996a, 1996b) on the Sebago body 

and related granites and pegmatites, and on mapping of parts of the NSZS (e.g., West and Hubbard, 1997), our early, 

regional-scale mapping efforts had a simple, yet broad focus. The main question we had was how the Segago group 

1 granites (now designated the Sebago pluton) relate to the migmatites that surround it that we had dubbed “the 

Sebago Migmatite domain”,  that include the group 2 granites, but also rocks immediately southwest of the Sebago 

pluton not before mapped as part of the Sebago batholith. What was the relation between the pluton emplacement 

history and the relatively coeval major crustal structure, the NSZS? Existing maps, including Tomascak et al. 
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(1996b), show the pluton just inboard of the NSZS which begs the question of any relation between them. We 

traversed a ~70 km across-strike transect from the core of the Sebago pluton SE into the highest strain portion of the 

NSZS in its deepest regional exposure near Brunswick and the necks to the south (Fig. 2). New mapping of the 

pluton confirmed a clearly separate central body of homogeneous granite (<400 km
2
) derived from Avalon-like 

sources (Tomascak et al., 1996b; Solar and Tomascak, 2002), flanked by a migmatite-granite complex where 

migmatite is permeated by smaller bodies of more geochemically heterogeneous granite (the “Sebago Migmatite 

domain”). In effect, the “batholith” map pattern is not supported in outcrop, geochemistry or gravity data (Behn et 

al., 1996). The separation of the Sebago pluton (sensu stricto) as a clearly separate central body of homogeneous 

granite (<400 km
2
) is clearly supported by the combination of geochemical and compositional data of Tomascak et 

al. (1996b; group 1 granite) relative to the area of group 2 granites (see Figs. 3 and 4), a complex dominated by 

migmatites and subordinate heterogeneous granites. We, therefore, referred to this complex as the “Sebago 

Migmatite domain”, and make a clear separation of the complex from the “batholith” map pattern and the Sebago 

pluton proper (Fig. 2). 

 

Extant geochemical data (e.g., Tomascak et al., 1996a, 1996b) are consistent with derivation of these 

subconcordant granites from materials similar to their host metasedimentary rocks (CMB source; Fig. 1). In the 

“Sebage Migmatite domain”, deformational fabrics in amphibolite facies country rocks are relatively variable in 

orientation (Fig. 2, see stereograms). However, the area SE of the pluton, adjacent to the NSZS, contains 

penetratively parallel structures at all scales, including fabrics in metamorphic rocks, migmatites and concordant 

granite sheets (Fig. 2). Fabrics are consistently NE-SW-striking and steeply- to moderately SE-dipping, similar in 

orientation to those in the NSZS suggesting control of granite ascent by deformation in the NSZS. Within this well-

constrained structural framework, geochemical and geochronological studies can provide meaningful tectonic 

constraints.  

 
Field work in seasons 2000-2002 focused on obtaining the appropriate coverage of the Sebago pluton and the 

migmatites and group 2 granites, and their contact relations. These data were added to our previously-collected data 

to (1) find the limits of the Sebago pluton proper, and (2) identify key localities that deserve closer inspection and 

detailed analysis both in the field and in the lab at the outcrop-scale and below. Much of the work in both the field 

and the lab has been focused on several targeted projects performed by our students in tandem, in a team effort. 

Field projects and supporting hand-specimen analyses have focused on single large exposures (e.g., STOPS 5, 6 and 

8 of this trip), or on a restricted region of closely-spaced outcrops. Geochemical and geochronological projects have 

focused on collected specimens of both granites of the Sebago pluton and granites in the migmatites, and migmatite 

components in the method of Solar and Brown (2001b), looking at comparative geochemistry. All project work was 

aimed at an integration of these projects, including the integration of field work with detailed mapping and 

petrography, hand-specimen and thin-section petrography, geochronology, and elemental and isotope geochemistry. 

 

THE SEBAGO PLUTON, THE MIGMATITE-GRANITE COMPLEX, AND THE 

NORUMBEGA SHEAR ZONE SYSTEM – RESULTS OF MORE RECENT STUDIES 

 

The Sebago pluton 

The Sebago pluton of southern Maine has been considered previously as the largest pluton in New England, 

however poorly exposed, composed of bodies of granite to granodiorite and granitic pegmatite. Others have shown 

that igneous rock types are either distinct bodies of 1 to 100 km
2
 in area, or as complexes on the same scale of mixed 

types (Berry and Hussey, 1998; Creasy and Robinson, 1997). However, as noted by those studies and confirmed by 

our mapping, outcrops of schlieric granite and migmatite are at least as common in outcrop as are granitic rocks in 

the area of the mapped batholith where Tomascak et al. (1996b) mapped group 2 granites.  

 

From our work, we conclude that the Sebago pluton (sensu stricto) is delineated based on geochemistry and 

textures, and is a distinct pluton <400 km
2
 in area. The combination of whole-rock geochemistry and isotopic 

composition corresponds with the group 1 granites of Tomascak et al. (1996b; see Figs. 3 and 4). The rocks of the 

pluton are typically homogeneous in texture and composition (fine- to medium-grained 2-mica granite), but with 

local schlieric textures and biotite foliation (see STOPS 1 and 7). The age is c. 293 Ma based on one sample (from 

the rocks near STOP 1; Tomascak et al., 1996a). The presence of a pluton with the limits shown in Fig. 2 is 

consistent with the gravity interpretations of Behn et al. (1998). 
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The Migmatite-Granite complex we had called the “Sebago migmatite domain” 

In contrast with the Sebago pluton rocks, rocks of the migmatite-granite complex surrounding them are mostly 

metapelitic or metapsammitic migmatite and diatexite with subordinate centimeter- to meter-scale bodies of granite 

with compositions from medium-grained 2-mica granite to pegmatite, and more variable geochemistry (Tomascak et 

al., 1996a, 1996b). Fabrics in the granites range from unfoliated (but low % in outcrop) to augen gneiss and schlieric 

granite (dominant granitic rocks in outcrops; see STOPS 2. 3, 4, 5 and 6). The so-called “Sebago migmatite domain” 

rocks are cut by centimeter-scale granite dikes of similar composition and texture as the Sebago pluton rocks 

(although a connection is not made on that basis). On the northwest, the migmatite-granite complex is apparently 

part of the NE-SW-trending Devonian central Maine-New Hampshire migmatite belt (Fig. 1). On the southeast, they 

are apparently part of the NE-SW-trending ACT within the NSZS. Thus the age of the complex of migmatites and 

granites was uncertain and subsequent work has addressed this unknown. The eastern part of the migmatites is 

bounded on the SE by the Devonian crustal-scale NE-SW-striking dextral NSZS (e.g., West & Hubbard, 1997). 

Structure of the eastern migmatite-granite complex is consistent with that zone (Figs. 1 and 2). 

 

The group 2 granites of the “Sebago migmatite domain” (Tomascak et al., 1996b; see Fig. 3) are discrete bodies 

of various compositions as described above, but always in distinct m- to 10 m-scale layers sub-concordant with host 

rock structures (e.g., STOPS 5 and 6). Otherwise, the rocks of the “domain” are dominated by stromatic migmatite 

with well-distributed penetrative plastic deformation fabrics. Leucosomes are commonly seen folded with the 

fabrics, and with solid-state fabrics and boudinage – illustrating subsolidus fabric formation (i.e. deformation  

continued after migmatite formation, and at subsolidus conditions). Adjacent to the NSZS, fabrics and concordant 

granite sheets are penetratively parallel at all scales, consistently NE-SW-striking- and steeply- to moderately SE-

dipping, similar in orientation to those in the NSZS (Fig. 2; see STOP 4). These relations suggest control of granite 

ascent by deformation in the NSZS.  

 

The complex of migmatites and group 2 granites mantles the discrete Sebago pluton, but only on its west, north 

and east (Figs. 1 and 2). The combination of the poor exposure of the pluton (very low outcrop % and density; see 

Fig. 2), the absence of migmatitic rocks south of the pluton, and the presence of Sebago Lake over much of the 

southern part of the body (Fig. 2), leave uncertain exactly how much of the area within our interpreted pluton limit 

on Fig. 2 is Sebago pluton rocks and just what the shape of the pluton is on the map. However, it became clear as 

detailed mapping progressed, that the migmatites and granites in the “Sebago migmatite domain” are ubiquitously 

deformed in the solid-state, after migmatite formation. The evidence of this is (1) the penetrative solid-state fabrics 

in all of these rocks, including in leucosomes, and (2) the folded migmatite structures (STOP 6 has excellent 

examples of these). When coupled with the observation of igneous-textured granites that cut these structures, it 

became obvious and unavoidable to us that the migmatite-granite complex that surrounds much of the Permian 

Sebago pluton is composed of older melted and deformed rocks, making the migmatite-granite complex. It appears 

the “Sebago migmatite domain” has no structural, time or geochemical connection to the Sebago pluton, and the 

only remaining relation is geography. Hence, we abandoned the designation “Sebago” in the name of the complex in 

favor of the generic “Migmatite-Granite complex” (MGC) that we now use, and use in this field guide. We 

concluded that the Sebago pluton intruded rocks that were already migmatites with subordinate granites within them 

(i.e. the complex is country rock to the pluton). Further geochronological evidence for this is in the next section. 

 

SUMMARY OF GEOCHEMICAL AND GEOCHRONOLOGICAL RESULTS ON ROCKS  

OF THE SEBAGO PLUTON AND MIGMATITE-GRANITE COMPLEX 

 

The elemental and isotope data are clear in identifying a central pluton that we refer to as the Sebago pluton 

(formerly group 1 granites of Tomascak et al., 1996a; Figs. 3 and 4). The pluton has a limited range in initial Nd 

isotopic compositions (Nd = -3.7 to -1.6; Fig. 4). Initial Pb isotopic compositions of Sebago pluton granites are 

relatively radiogenic and homogeneous (
207

Pb/
204

Pb = 15.58 to 15.68). Coupled with the Nd isotopes, these provided 

strong evidence for crustal sources with characteristics akin to many circum-Gondwanan terranes, such as Ganderia 

and Avalonia. The marked chemical and isotopic homogeneity of the Sebago pluton requires that the melts 

underwent substantial homogenization prior to or concurrent with final consolidation. 

 

The chemical and isotopic homogeneity of the Sebago pluton contrasts with texturally heterogeneous bodies of 

granite (m to 100 m scale) exposed within the remaining MGC. These rocks have dispersed initial Nd isotope ratios 

(Nd = -6.2 to -0.8; Fig. 4) and show comparatively broad ranges in trace elements, including the REE (Fig. 3). For 
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Figure 3.  Summary of main geochemistry results for the Sebago pluton and the Migmatite-Granite complex.  
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Figure 4. Summary of geochemistry and geochronology results for the Sebago granites and Migmatite-Granite 

complex granites. The ternary diagram is modified after Solar and Brown (2001b) to include our results. 
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example, the lack of strong or variable LREE fractionation in the Sebago pluton samples (
147

Sm/
144

Nd = 0.110 to 

0.132) is in contrast with the granites in the MGC (ranges to 0.164). 

 

Understanding granite magmatism in the MGC is complicated by the primarily semipelitic metasedimentary 

country rocks which do not permit the determination of meaningful thermobarometric constraints. Nevertheless, 

exposure of the rocks in several key portions of the ~5000 km
2
 area is very good. Chemical compositions of 

migmatites from the MGC range from rocks that appear to contain granitic melt arrested in transit to samples that 

are residual, retaining only fractionated remnants of granite components (mainly biotite and plagioclase). Although 

derivation of Sebago pluton magmas from the MGC migmatites is not easily reconciled with the gravity signature of 

the area (Behn et al., 1998), the more texturally, chemically and isotopically variable melts that ultimately became 

the small-scale granites within the MGC may have a petrogenetic link with the migmatites. This can be further 

evaluated with geochronology.   

 

The geochronology of the area has been explored using a variety of methods: U-Pb TIMS monazite (multi-

grain) and zircon (single grain), and LA-MC-ICP-MS (zircon rims and cores). Zircon from four samples from the 

eastern Sebago pluton contact zone (Fig. 4; STOP 8) were analyzed. They range from fine-grained granite that 

occurs as cross-cutting dikes to garnet- and tourmaline-rich pegmatitic granite. Individual parts of crystals do not 

show appreciable (analytically-resolvable) age differences (i.e., no signs of old, inherited cores). Ages determined 

by this method range from 308 ± 5 Ma to 293 ± 9 Ma. These data suggest crystallization over a relatively restricted 

time span (10-15 Ma).  

 

Zircon from two additional granite sample were analyzed by LA-MC-ICP-MS. A Sebago pluton sample from 

the western portion of the body yielded a mean crystallization age of 297 ± 14 Ma. A fine-grained granite sill from 

the eastern MGC (sample 00-32) yielded a mean crystallization age of 288 ± 13 Ma. These ages are mutually 

consistent with contemporary crystallization with the Sebago pluton.  

 

The U-Pb TIMS monazite multi-grain age determination of the Sebago pluton (293 ± 2 Ma; Fig. 4; Tomascak et 

al., 1996b) barely overlaps, within 2 uncertainty, the mean age of zircon grains from the eastern border samples 

(304 ± 8 Ma). Although it is possible that the Sebago pluton is not expressly comagmatic with the granites exposed 

at the mapped eastern margin of the pluton (STOP 8), it seems very likely that the older multiple-crystal monazite 

age has slightly larger uncertainty than originally determined, due to a combination of geological and analytical 

factors. The age of sample 00-32 further demonstrate that some component of granitic magmatism in the MGC is 

not older than the pluton. Previous work farther east, outside the MGC, established granite and granitic pegmatite 

crystallization in the range 280-269 Ma (Tomascak et al., 1996b), so this finding should not be particularly 

surprising, but it begs the question of the age of other granites in the MGD, as well as the age of migmatite 

formation. 

 

The U-Pb TIMS age of a single abraded zircon from a sample of undeformed two-mica granite from the eastern 

edge of the MGC (Torrey Hill, Freeport) is 381 ± 1 Ma, more characteristic of broadly Acadian plutonism in this 

area. Interestingly, this sample is petrographically indistinguishable from sample 00-32. Hence, no simple 

petrographic criterion can be applied to granites in this area to recognize Sebago-age rocks from those ~100 Ma 

older.  

 

Zircon from migmatites may be difficult to use to date melting, as inheritance is probable and leucosomes can 

be both zircon-poor and difficult to deal with from a sample preparation standpoint. Thus, finding totally 

neocrystallized zircon may be impossible. An alternative that may be viable is to analyze neocrystallized rims on 

inherited cores. If rim thickness is large enough, and laser spot size small enough, these rims can be used to 

constrain crystallization of melts. We used this method with three migmatite melanosomes and pooled the youngest 

ages to generate a best estimate of the age of migmatite formation at 376 ± 14 Ma (Tomascak and Solar, 2016). This 

age is consistent with the one older fine-grained granite in the MGD, and confirms the interpretation based on the 

geological evidence that the migmatite-forming process in the Sebago area was complete long before the event that 

led to the formation of the Sebago pluton.   
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THE RELATION BETWEEN THE SEBAGO PLUTON AND THE MIGMATITE-GRANITE COMPLEX 

 

Based on our combination of field and laboratory data, there is no question that the formation of migmatites in 

the MGC, as well as some volume of granite therein, predates intrusion of the Sebago pluton by on the order of 100 

Ma. Thus, Sebago pluton magmatism cannot be connected to the predominant regional metamorphism and high 

temperature deformation. Field and laboratory data suggest that migmatite formation and granite magma flow 

accompanied deformation of the melting rocks in the MGC, but that deformation outlasted or overprinted the fabrics 

and the granite textures. This is evident in the pinch-and-swell and solid state boudinage of the granitic rocks, all 

with plastic deformation textures within. Either the deformation simply outlasted the migmatite formation, or 

occurred later, or both. It appears that the foliation of the migmatites and the foliation in the granites both have 

recorded similar strain histories when the rock was subsolidus, perhaps during the same time. However, draping 

suggests the migmatites were hot enough to be nudged aside during emplacement of the granite, then both rocks 

record a similar strain history upon continued cooling. Deformation fabrics are consistently oriented with the 

regional structure (NSZS-related fabrics or otherwise; Fig. 2). 

 

Solar and Tomascak (2001; 2002) placed a limit on the extent of the pluton based on the limit of exposures at 

the time. The limit line shown in Fig. 2 is the current interpretation of the location of what may be the pluton 

contact. After 2005, re-routing of Rt. 26 north of Gray, in New Gloucester, exposed rocks virtually exactly along our 

previously-mapped NE limit of the Sebago pluton (STOP 8). Those exposures were mapped and analyzed at a 

variety of scales (LaFleur et al., 2008; McAdam et al., 2009; Nyitrai et al, 2009; Bohlen and Solar, 2010).  

 

Mapping of the exposure by LaFleur et al. (2008), and in comparison with related outcrops nearby, illuminates 

relations between all of the regional rock types, and we define a ~ 3 km-wide, NNW-SSE-trending zone where rock 

assemblages are distinct from both the pluton and the MGC. Many varieties of granites, mostly very coarse-grained, 

dominate the exposure. They mostly define consistently-oriented shallowly-N- or S-dipping cm- to 10 m-thick 

sheet-like bodies. The bodies are sub-concordant to, but encapsulate, pod- to sheet-shaped somewhat migmatitic 

country rocks. The two main types of granite are fine-medium grained fairly homogeneous 2-mica granite, and 

course-grained to pegmatitic heterogeneous granite. Granite bodies are undeformed, have no evident solid-state 

fabrics at outcrop (LaFleur et al., 2008), or hand specimen scales, but show some solid-state deformation in thin 

section (Nyitrai et al. 2009). Centimeter-scale bodies found inside the migmatites are deformed. The relation 

between the granites and the non-granites show structural conformity (ghost stratigraphy) as if preserved during 

construction of a pluton's contact zone where country rock is progressively displaced. Where granite intruded the 

migmatite pods, granite bodies are pinched and swelled or boudinage suggesting ongoing deformation.  

 

These relations, particularly in contrast to the rocks outside this “contact zone,” suggest rocks at the E contact of 

the Sebago pluton recorded progressive contact effects with no distinct contact. These rocks record a progressive 

assembly of the pluton's boundary, whereas rocks outside the pluton were already deformed and melted (migmatite 

formation), and subsequently deformed sub-solidus. In effect, these rocks, with their ghost stratigraphy defined by 

the consistently-oriented country rock pods whose fabrics mimic the flat aspect of the pods, and the sheet-like 

intrusive nature of the main granites, suggest together that these rocks have recorded the emplacement of the Sebago 

pluton with edge effects as it intruded rocks that were hot enough to deform plastically during intrusion (middle 

crust). Results of studies performed immediately east and west of this location are consistent with this interpretation 

as rocks in those areas are regionally typical as described. 

 

From these data, we interpret these rocks at STOP 8 (Figs. 2 and 7) to be part of a contact zone, approximately 

3 km wide, that defines the edge of the Sebago pluton at its NE extent. The distinction of granites in this zone from 

the pluton itself despite overlap in time is interpreted to result from crystallization of unhomogenized batches of 

magma, many under more volatile-rich conditions (promoting textural and mineralogical extremes). Additional edge 

effects of pluton emplacement delivered a final textural dissimilarity with the granite of the main body of the pluton. 

Due to subsolidus deformation evident in the MGC rocks (STOPS 2 through 6), it is clear that the pluton intruded 

country rocks that previously attained temperatures above the solidus (partially melted) and subsequently fell 

subsolidus, coeval with plastic deformation which generated solid state fabrics in the migmatites and associated 

granitic components.  
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ROAD LOG 

 

Assemble at the Gray, Maine, Park and Ride at the Gray exit off I-95 (exit 63). Departure time is 8:00 a.m. All 

stops are indicated on the geological map of Fig. 2. The trip begins within the Sebago pluton near its northern limit, 

then moves to the east, across the pluton’s SE contact (we travel a significant distance), into the Migmatite-Granite 

complex (MGC), starting far to the southeast where it is within the Norumbega shear zone system (STOPS 2 and 3). 

We then travel back to the west toward the pluton, but within the MGC (STOPS 4, 5 and 6). The pluton is visited 

again at STOP 7, just inside the pluton’s eastern contact, and the trip finishes with outcrops we interpret to have 

exposed the contact relations of the Sebago pluton (at its northeastern limit, STOP 8). There is significant distance 

between the assembly point and STOP 1, and again between STOPS 1 and 2. However, each of the other stops are in 

sequence east to west, so distances between stops are relatively shorter. 

 

Mileage 

0.0 Park and Ride, Rt. 202, Gray, Maine. From the Park and Ride, turn left onto US 202 W.  

3.3 Continue straight onto ME 115 W. 

6.3 Turn right onto US 302 W. 

18.8 Turn right onto ME 11 N. 

19.5 Turn left onto Edes Falls Rd. 

21.2 Continue straight/slight left onto River Rd. 

21.3 Park on the right side along granite boulders. Parking is limited. Walk along the path to the outcrops along 

the river.  

  

STOP 1: TWO MICA GRANITE OF THE SEBAGO PLUTON (SEBAGO GROUP 1 OF TOMASCAK et 

al., 1996b), STREAMCUTS IN CROOKED RIVER, NAPLES, ME.  
(UTM 4873025N 0373846W) 

 

The main granite is homogeneous-textured two-mica granite of the Sebago pluton near its north 

contact (Fig. 2). The main granites here are typical of the petrochemical ‘group 1’ granites of the Sebago 

pluton (Figs. 1, 2 and 3; cropping out primarily on the north, west and northeast sides of Sebago Lake; 

Tomascak et al., 1996a; Solar and Tomascak, 2001, 2002). Outcrops of rocks typical of ‘group 1’ include 

massive two-mica granite, without pervasive magmatic (few occurrences of local schlieren) or 

metamorphic fabric. This type of granite is generally equigranular to locally porphyritic, with K-feldspar 

phenocrysts up to 2 cm in length. A specimen collected from a nearby outcrop in Naples, ME, yielded a 
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concordant U-Pb monazite crystallization age of 293 ± 2 Ma (Fig. 4; Tomascak et al., 1996a). Locally 

granitic/pegmatitic dikes cut the main granites. Late dikes here are basaltic (diabase) associated with 

Mesozoic extension. 

 

Mileage 

21.3 Turn around, and backtrack to Edes Falls Rd. 

21.4 Bear right onto Edes Falls Rd.  

23.2 Turn right onto ME 11 S.  

23.5 Turn left onto Sand Rd. 

24.1 Turn left onto US 302 E. 

36.2 Turn left onto ME 115 E. 

40.2 Turn right onto Lawrence Rd. 

41.5 Turn left onto Center Rd. and a quick right onto Dutton Hill Rd. 

43.4 Just after crossing over I-95, turn right onto Rt. 26 S. 

45.0 Turn left onto Skillin Rd. (We will be coming back through here later.) 

45.9 Turn right onto Blanchard Rd. 

48.7 Continue straight onto Tuttle Rd at the traffic light in Cumberland, ME. 

50.6 Turn right onto Harris Rd. 

51.5 Park along Harris Rd. at the powerline crossing. Outcrops are pavement along the east side of the road. 

 

STOP 2: STROMATIC MIGMATITE AND DIATEXITE OF THE SOUTHEASTERN MIGMATITE-

GRANITE COMPLEX (MGC) IN THE NORUMBEGA SHEAR ZONE SYSTEM, HARRIS ROAD, 

CUMBERLAND, ME. 

(UTM 4846907N, 0400516W) 

 

A series of pavement outcrops on the east side of Harris Rd. are pelitic-protolith migmatites of the 

MGC. Exposures at the power line crossing are classic stromatic migmatites with tripartite, sub-parallel 

structures of the leucosomes, with well-developed melanosomes that separate them from the host 

metasedimentary rocks. Farther S along Harris Road are pavement exposures of diatexite, but time will 

likely see these exposures covered due to new home construction. Pegmatite dikes are also present, the 

larger of which are boudinaged. Fabric in the migmatite is folded locally, but otherwise consistent in 

orientation with Norumbega Shear zone system fabrics in the NW wall zone of the structure (NE-SW-

striking and moderately SE-dipping; Fig. 2). Bt-dominated selvedges are common at the contacts of 

leucosomes, but larger granite sheets do not have selvedges. Some leucosomes are Grt-bearing. 

Leucosomes are also commonly boudinaged, or at least pinched-and-swelled with solid-state deformation 

evident by grain-size reduction textures. The migmatites are deformed in the solid state (subsolidus) and 

leucosomes have recorded fabrics. This and the boudinaged granites are consistent with migmatite 

formation and intrusion preceding the latest deformation. The structure here is consistent with regional 

Norumbega shear zone system structures. 

 

Mileage 
51.5 Return north on Harris Rd. (back the way you came). 

52.4 Turn right to continue southeast on Tuttle Rd.  

53.7 Cross Middle Rd. (traffic light) and then over I-295. 

54.0 Turn left toward US 1, and in under 0.1 miles turn right onto US 1 N. 

55.2 Park at northern side of the intersection of US 1 and Tyler Dr. Walk to roadcuts on the on-ramp for I-295 S. 

 

STOP 3: MIGMATITES AND GRANITES OF THE SOUTHEASTERN MGC IN THE NORUMBEGA 

SHEAR ZONE SYSTEM, YARMOUTH, ME. 

(UTM 4848559N, 0404378W) 

 

These are relatively new (ca. 2013) roadcuts along the on-ramp on both sides. The ramp curvature 

provides a 3-D view of the rock structure, especially in the main roadcut on the outside (SE) of the ramp. 

Similar to rock at STOP 2, the dominant rock here is migmatite with local sill-forming granites that are 

boudinaged and pinched-and-swelled along the structural grain. These granites have solid-state fabrics. The 

migmatite has penetrative shallowly E-dipping fabrics subparallel to the rock structure as a whole. The 
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central part of the roadcut features a steeply NE-dipping granitic dike that is strongly discordant to 

migmatite structures, but appears to be continuous with a structurally-concordant granitic sill near the top 

of the exposure. For the most part the migmatite is similar here as at STOP 2, however, the protolith was 

psammitic, and the migmatite lacks the usual tripartite structure (melanosomes are few and local). Solid 

state structures in both the migmatite and granites are consistent with both migmatite formation and granite 

intrusion preceding the latest deformation. The structure is consistent with dextral transpression in the NW 

wall rocks of a restraining bend of the Norumbega zone. 

 

Mileage 

55.2 Reverse direction and return south on US 1 S. 

56.3 Turn left to return to Tuttle Rd. (from whence we came).  

56.4 Turn right onto Tuttle Rd. 

56.5 Again cross over I-295 

56.6 Again proceed straight through the traffic light at Middle Rd. to continue on Tuttle Rd. toward 

Cumberland, ME. 

59.8 Continue straight through the traffic light onto Blanchard Rd. in Cumberland, ME. 

61.5 Turn right onto Bruce Hill Rd. 

62.5 Park at the intersection of Bruce Hill Rd. and Pleasant Valley Rd. (outside of the left-hand bend). Walk to 

the pavement outcrops in the woods along the path north of the northern-most driveway on Bruce Hill Rd. 

 

STOP 4: MIGMATITE, GRANITIC GNEISS, PEGMATITE, AND GRANITE OF THE EASTERN 

MIGMATITE-GRANITE COMPLEX, BRUCE HILL EXPOSURES, CUMBERLAND, ME. 

(UTM 4852870N, 0397425W) 

 

Pavement exposures and a cut in the back and side yards of the house just north display most rocks at 

Bruce Hill. Chris Gulino studied the exposures here in detail (Gulino et al., 2007; Fig. 5), and delineated 

five rock units that are all typical of the MGC in general, but particularly of the eastern MGC. Stromatic 

migmatite is the dominant rock unit on the NW (the side we park on) and SE flanks of the hill (Fig. 4), and  

 

 
 

Figure 5. Geological and structural map from Gulino et al. (2007), Bruce Hill area (STOP 4). 

 

33



A2-16 SOLAR AND TOMASCAK 
 

 

is uniformly plastically deformed, including boudinaged leucosomes and granite layers with S-C fabrics. 

The other units are local semipelitic schist, and granites of three varieties: (1) S-C augen gneiss that 

composes the SW flank of the hill (this is the first exposure one comes to straight out of the vehicle, and  

likely the only rock seen on the day of our trip) that have fabrics sub-concordant to the fabrics in the 

migmatites, (2) pegmatite (locally with solid-state fabrics) that dominates the hill top, and (3) unfoliated to 

weakly foliated 2-mica granite in dikes that are cut across the main structures. Where fabrics exist, they are 

consistently NE-SW-striking and shallowly to moderately SE-dipping (Fig. 5).  

 

Stromatic migmatite has mafic melanosomes at the contacts with leucosomes, and the leucosomes are 

plastically deformed. The granitic gneiss units have foliation defined by ribbon quartz and mica aggregates, 

and occur in localized bodies, some of which are pods showing pinch along the migmatite structure, and 

draping of migmatite folia over them (typical of such relations in the MGC). Where augen-bearing, the 

gneiss has strong S-C fabric and biotite foliation. The pegmatitic gneiss has coarse plagioclase and quartz 

ribbons, mats of biotite, and muscovite, and occurs in local zones and in meter-scale veins, usually 

associated with the granitic gneiss, and with variable mineral content including garnet and tourmaline 

where fabrics are strongest. The 2-mica granite is relatively homogeneous with weak or no visible fabric. 

Where fabric exists it is defined by somewhat planar-aligned micas. This rock is subordinate in outcrops, 

and typically strongly discordant to fabrics in country rocks. These granites are in discrete bodies and have 

textures similar to that of the Sebago pluton rocks to the W. 

 

Mileage 

62.5 Reverse direction and return southwest on Bruce Hill Rd. 

63.5 Turn right onto Blanchard Rd. to go NW. 

64.6 Turn left onto Skillin Rd. 

65.5 Cross Rt. 26 and continue straight onto Blackstrap Rd. 

65.7 Cross over I-95. 

66.6 Turn right onto Old Colony Lane and park. The roadcuts for STOP 5 are along this access road to the 

subdivision and at the top of the hill. 

 

STOP 5: STOMATIC MIGMATITE, DIATEXITE, GRANITE GNEISS AND GRANITE OF THE 

EASTERN MIGMATITE-GRANITE COMPLEX, OLD COLONY LN. AT BLACKSTRAP RD., WEST 

CUMBERLAND, ME. 

(UTM 4851028N, 0393103W) 
 

The roadcuts along both sides of Old Colony Lane and the pavement exposures above the north 

exposure was studied in detail in 2006 by S. Hays (Hays and Solar, 2006; Fig. 6). He documented 

variations at the centimeter- to meter-scale of mineral fabrics and the geometry of granitic bodies in this 

~150 x 75 x 5 m exposure, and identified seven principal rock types. The majority of the exposure is 

stromatic migmatite. Leucocratic granitic gneiss is next most abundant with subordinate pegmatitic granite, 

meta-psammitic schist blocks and cross-cutting sub-vertical basalt dikes (~ 50 cm wide; see Fig. 6 for 

details). Diatexite is also dominant, seen best in pavement exposures. The stromatic migmatite here is 

typical of the eastern MGC (cf. STOPS 4 and 6) with plastically deformed leucosomes, and fabrics (and 

overall structure of the rocks) with generally NE-SW strikes and shallowly- to steeply-NW-dipping, 

varying with distance across strike (Fig. 6, see stereogram and roadcut detail). Lineations (defined by grain 
shape fabrics) are shallowly NE- or SW-plunging. Using cut samples, Hays measured leucosome long and 

short axes on mutually perpendicular cuts (Hays and Solar, 2006). Calculations show an overall > 48% 

leucosome in samples, long dimensions strike-sub-parallel, and flat aspects sub-concordant with migmatitic 

foliation. 

Granitic gneiss is plastically deformed, having a strong foliation defined by ribbon quartz and mica 

aggregates. Foliation is sub-concordant to the foliation in the migmatite. Granitic gneiss occurs in localized 

bodies, some of which are pods showing pinch along the migmatite structure, and draping of migmatite 

folia over them. Pegmatitic gneiss has coarse plagioclase and quartz ribbons, mats of biotite, and 

muscovite, and occurs in local zones and in meter-scale veins associated with the granitic gneiss. Diatexite 

is composed of plagioclase, K-feldspar, quartz, biotite, and muscovite, and is plastically deformed,  
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Figure 6. Outcrop map, roadcut detail sketches and structural data from Hays and Solar (2006), Old 

Colony Rd. at Blackstrap Road, STOP 5. 

 

appearing as granitic gneiss. Granite bodies are typically schlieric. Hays identifies a single “meta-psammite 

block” in the exposure (see Fig. 5) composed of quartz and plagioclase, with a disjunctive mica foliation, 

distinct from the rocks of the rest of the exposure (that are otherwise migmatitic or granitic). 

Mileage 

66.6 Reverse direction and return east on Blackstrap Rd. 

67.5 Cross over I-95. 

71.8 Turn right onto Rt. 26. 

72.2 Pass intersection with Mill Rd. 

72.3 Turn left onto dirt road and proceed toward the outcrops ahead. Park before the ‘beach’ in front of the pond 

below the house. We are on private property with permission of the land owner. Future visits are by 

advance permission only. 

 

STOP 6: STOMATIC MIGMATITE, AMPHIBOLITE MIGMATITE, GRANITE GNEISS AND GRANITE 

OF THE EASTERN MIGMATITE-GRANITE COMPLEX, RT 26 AT MILL RD., CUMBERLAND, ME. 

(UTM 4851490N, 0394646W) 

 

The outcrop here is special (to say the least). The land owner has in recent years (starting in 2010) 

removed a deep pile of glacial till to reveal the glacially-polished rocks underneath including a 20m-tall 

and 80m-long, west-facing cliff (on top of which they built their home), and the clean (lichen-free) 

pavement exposures below. This is very different from our first visit here in 2001 when we found an 
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exposure that was less than 40m
2 
in one large knob-type outcrop, and lichen-covered. That former exposure 

is now part of the driveway to the house at the top of the cliff. Rocks here were studied in detail by 

Brandon Luther (Luther et al., 2015). Visiting the exposures is by permission of the land owner 

exclusively. 

 

The rocks here represent all rock types found within the MGC, including amphibolite and amphibolite 

gneiss (migmatitic) and late basalt dikes. The pavement exposure is dominated by solid-state-deformed 

stromatic migmatite whose structure is moderately SE-dipping, with concordant amphibolite layers. 

Granitic rocks are within, as is usual in the MGC, and also as usual are found with solid-state fabrics that 

are sub-parallel to the structure of the migmatite. Leucogranitic gneisses and leucosomes are ubiquitously 

boudinaged, and many are folded with sub-horizontal hinge lines that trend along the structural grain (NE-

SW). Locally fold forms illustrate dextral kinematics that include delta porphyroclasts of feldspar. Where 

measurable, mineral lineations are also sub-horizontal and NE-SW-trending. Larger granite gneiss bodies 

are discordant to the migmatite structures, the largest of which cross-cuts the migmatite near cliff face-

pavement interface.  

 

Mileage 

72.3 Return to Rt. 26, and turn right toward Gray, ME. 

72.8 Continue past Rt. 26 intersection with Skillin Rd. 

78.2 In the town of Gray, turn slightly right and then left to continue on Rt. 26 N. 

79.3 Turn right to remain on Rt. 26 N. 

80.8 Turn left onto N. Raymond Rd. 

81.8 Turn left onto Egypt Rd. 

85.8 Turn left onto Rt. 85 S. 

86.8 Turn left onto Tarkiln Hill Rd. 

87.0 Turn left to remain on Tarkiln Hill Rd. and follow the road uphill. 

87.5 Park along Tarkiln Hill Rd. The pavement outcrops are on the left side of the road, continuing east into the 

woods. 

 

STOP 7: TWO-MICA GRANITE AND PEGMATITE OF THE EASTERN PART OF THE SEBAGO 

PLUTON, TARKILN HILL RD., RAYMOND, ME. 

(UTM 4863906N, 0385276W 

 

Homogeneous textured two-mica, medium-coarse-grained granite typical of the petrochemical group 1 

granites of the Sebago pluton. Rocks here are similar to granites of the Sebago pluton (e.g., at STOP 1), 

but, in this case, these outcrops are located nearer to the Sebago pluton’s northeastern limit, where it is in a 

contact zone with the eastern MGC (Fig. 2; cf. the location of STOP 8). We are here mostly to revisit the 

pluton after seeing the MGC rocks, and before seeing the contact zone at STOP 8. Granites are locally 

weakly foliated (Bt) with variable orientations, and contain locally distinct pegmatite bodies that have 

gradational to sharp cuspate margins with the main granite. 

 

Mileage 

87.5 Reverse direction and return downhill on Tarkiln Hill Rd. to Rt. 85. 

88.3 Turn right onto Rt. 85. 

89.3 Turn right onto Egypt Rd. 

93.3 Turn right onto N. Raymond Rd. 

94.3 Turn left onto Rt. 26 N. 

95.2 First roadcut on left of the STOP 8 sequence of roadcuts. Continue uphill to the second set of exposures to 

where there are roadcuts on both sides of Rt. 26. 

95.7 Park on the right shoulder at the top of the hill, at the roadcuts on the right side of Rt. 26. Be careful of 

traffic on Rt. 26. Attention is directed first on the view across the road to the south-bound-side roadcut. 
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STOP 8: N-S SERIES OF ROADCUTS, RT. 26: GRANITES AND METASEDIMENTARY ROCKS (AND 

MIGMATITES) AT THE NORTHEASTERN CONTACT OF THE SEBAGO PLUTON, NEW 

GLOUCESTER, ME. 
(south end: UTM 4866764N, 0391725W – north end: UTM 4869165N, 0390703W) 

 

These exposures are nearly 100% new as of 2005 when Rt. 26 was re-routed a short distance to the west 

(Fig. 7). The newly exposed rocks are a set of roadcuts extending along new Rt. 26 here for 2.3 km (NNW-

SSE oriented). Fortuitously, this rerouting has exposed rocks nearly precisely along what Solar and 

Tomascak (2001, 2002) had mapped previously as the eastern limit (contact?) of the Sebago pluton with the 

eastern MGC (Fig. 2). There is a lot to see here, so plan to spend some time at this set of outcrops. But, 

more importantly, rocks here did not yield data as expected based on our early mapping. We expected to 

find some combination of Sebago granite and MGC-typical exposures (or one or the other). Instead what 

we find here is a suite of rocks that are distinct from both the Sebago pluton rocks and the MGC rocks. 

Detailed study of the exposure was performed in both the field (LaFleur et al., 2008; Bohlen and Solar, 

2010) and the lab (e.g., Nyitrai et al., 2009) in order to best document these rocks. The field results are 

summarized below, and in Fig. 7 where the locations and extents of the ten roadcuts of this outcrop are 

illustrated.  

 

The exposures are dominated by granite sheets, some of which show interconnectedness (connecting at 

shallow angles to the overall layered, shallowly- to moderately-S or N-dipping structure), that envelop 

layered country rock pods that are locally migmatitic pelitic to semi-pelitic metasedimentary rocks. The 

overall structure is one of a ghost stratigraphy, where migmatitic, country rock pods have fabrics that show 

a stromatic (layered) type in pelitic protoliths to diatexite in the smaller bodies. Internally, plastic 

deformation in the pods is evident, including meter- and centimeter-scale folds, some of which are 

ptygmatic, of all rock types, including granite sheets and leucosomes. The smallest pods (meter-scale) are 

disrupted, appearing “wispy” as ends appear as if frayed, perhaps anatectically eroded and disaggregated 

(frozen in process). The migmatite has biotite foliation, selvedge melanosomes, and sub- concordant cm-

scale leucosomes that have varied solid-state fabrics. Leucosomes are folded and foliated where cm-thick 

or more. Within the country rock pods, granitic gneiss layers (cm-scale) are sub-concordant, and show 

‘pinch-and-swell’ or boudinage (this outcrop’s exposures 2 and 10 – see Fig. 7 – have excellent examples). 

 

Granite types are delineated into 5 varieties based on the combination of mineral content and texture 

(Nyitrai et al., 2009). Of the granite types, coarse-grained, texturally hetereogeneous 2-mica granite to 

granodiorite dominates, with the exception of the southern-most exposure (exposure 1) where the main 

granite is medium-grained 2-mica granite with ubiquitous mm- to cm-scale mica clusters. Exposure 1 is 

also marked by m-scale pegmatite dikes with distinct contacts. The granites at exposure 1 have an 

appearance that is most typical in these outcrops of the Sebago granites (except for the mica clusters). 

Granite sheets outside country rock pods are only locally foliated, but without evidence of solid-state 

deformation. The main granites occur as sheets, locally cross-cutting the country rocks. Meter-scale (thick) 

granite bodies inside country rock layers are nearly uniformly boudinaged or ‘pinched-and-swelled.’  

Where tapered at their tips, country rock pods appear as if frozen in process of disaggregation, perhaps by 

anatectic erosion (good examples in exposure 2, Fig. 7), but clearly from N to S along exposure 2 on the 

west side of the road, coherent bodies of country rocks taper over a short distance to smaller, discrete 

‘wisps’ and schlieren. A country rock pod at exposure 10 has a granite layer within that is continuous with 

the 10m-thick granite sheet structurally above the pod. 

  

Late granite dikes and sills occur locally, but throughout the outcrop (as do some sub-vertical basalt 

dikes). These granites are fine- to medium-grained 2-mica granites that cross-cut all other rocks (and are 

also sills partially). These granites are most similar to Sebago granites, but clearly have a later intrusion age 

than the main granite bodies. One such dike at exposure 2 cross-cuts the outcrop structure, extending from 

the base to the height of the roadcut. This dike alternates orientation between a moderately S-dipping dike 

and a sub-horizontal sill. Orientation varies with layer the dike is crossing at that level. These late granites 

are similar to those found to the W of Rt. 26 where rocks of the Sebago pluton are found (e.g., STOP 7), 

and in migmatites and granite gneiss exposures in the MGC to the southeast (e.g., STOPS 5 and 6).  
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Figure 7. Outcrop map of the roadcuts along the rerouted Rt. 26, north of Gray, ME (in New Gloucester; 

STOP 8). Map and data modified after LaFleur et al. (2008).  
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Of particular note in this outcrop is a granite body in exposure 2 at coordinates 4867319N, 0391663W. 

Here a ~10 m-wide dike of medium-grained 2-mica granite that opens upward into a sub-horizontal sill. 

The S edge of this body has a distinctive mafic selvedge dominated by Bt. At this same location, the edge 

of the dike had granite that progressively coarsens in grain size with proximity to the dike contact over 

about 35 cm distance. There is another such dike, but thinner (3-4 m) at exposure 8 (4868445N, 

0391093W). 

 

Results of mapping of the exposure reveals illuminating relations between all of the regional rock 

types, and we define a ~ 3 km-wide, NNW-SSE-trending zone where rock assemblages are distinct from 

both the pluton (to the W) and the MGC (to the E). Many varieties of granites, mostly very coarse-grained, 

dominate the exposure, and mostly define consistently-oriented shallowly-N- or S-dipping cm- to 10 m-

thick sheet-like bodies. The bodies are sub-concordant to, but encapsulate, pod- to sheet-shaped somewhat 

migmatitic country rocks. Granite bodies appear undeformed at outcrop (LaFleur et al., 2008; Bohlen and 

Solar, 2010), but have some solid state deformation evident in thin section (Nyitrai et al., 2009). Some 

magmatic fabric is evident locally. The relation between the granites and the non-granites show structural 

conformity (ghost stratigraphy) as if preserved during construction of a pluton's contact zone where country 

rock is progressively displaced. Where granite intruded the migmatite pods, granite bodies show pinch-and-

swell or boudinage suggesting ongoing deformation. Cross-cutting all of the rocks is fine- to medium-

grained 2-mica granite to granodiorite in the form of dikes and sills of cm- to meter-scale thickness. These 

cross-cutting granites resemble closely the rocks typical of the Sebago pluton proper and are of identical 

crystallization age as all of the other granitic components in the contact zone of STOP 8. 

 
END OF TRIP 

 

The assembly point at the Gray Park and Ride is found by travelling south on Rt. 26 for 3.9 miles to Rt. 26A 

(stay straight/bear right) that leads directly to the Park and Ride at US 202 (in 1.2 miles). 
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INTRODUCTION 

 

Life is difficult (Peck, 1978).  This aphorism applies universally, and specifically to the life of a bedrock 

geologist mapping near the Sennebec Pond fault.  According to Peck, once we accept this, then the fact that life is 

difficult no longer matters.  It is from that perspective, undaunted by the fact that the geology is difficult, that we 

invite you to approach this field trip with enthusiasm for what we may discover. 

 

The strategy of the trip is to visit an array of bedrock outcrops that constrain the location, character, and 

significance of the Sennebec Pond fault, beginning in the north and working southward from Appleton to Warren, 

Maine.  In fact, mapping the location of the fault itself is a fairly straightforward puzzle once the puzzle pieces are 

identified.  Understanding the character of the fault is a more challenging proposition.  Since the fault surface has 

not been observed and kinematic features related to it have not been recognized, the sense of motion and age of the 

fault are deduced by comparing the rocks on opposite sides of the fault and accounting for their differences.  The 

difficulty in this approach lies in the fact that the most powerful and essential means of comparison, namely 

stratigraphy, is internally complex and enigmatic.  Furthermore, this complex stratigraphic section was deformed by 

thrust faults and recumbent folds before being cut by the Sennebec Pond fault.  Therefore, the Sennebec Pond fault 

cuts a tectonostratigraphy that encompasses an enigmatic stratigraphy.  As for the significance of the fault, its most 

remote and obscure attribute, it holds this tectonic riddle: Does the Sennebec Pond fault offset a pre-existing major 

tectonic boundary?  The difficulty here is in finding rocks of similar age with known tectonic affinity on opposite 

sides of the fault.  Through a chain of logic involving long-distance relationships, there is reason to think that it may. 

 

PREVIOUS WORK 
 

The Sennebec Pond fault was first mapped by Bickel (1971, 1976), who named it the St. George fault, after the 

St. George River which it follows closely for some distance.  Bickel's detailed mapping in the Belfast 15' quadrangle 

(including the Searsmont and Lincolnville 7½' quadrangles of Figure 1) demonstrated that the fault truncates 

stratigraphic units on both sides at a low angle, as well as metamorphic isograds.  The fault name was changed by 

Hussey (1989) to avoid confusion with the St. George fault in coastal New Brunswick.  Hussey originally named it 

the Sennebec Lake fault, but because the name of the lake is Sennebec Pond, it has been known as the Sennebec 

Pond fault since at least 1993 (Stewart and others, 1993).  We will stand on the shore of Sennebec Pond at Stop 2. 

 

The current field trip is based primarily on published 1:24,000-scale mapping by Sidle (1991), West (2006), and 

Berry and Osberg (2008), and unpublished mapping by Stephen Norton (Union), Matt Dupee (Searsmont), West 

(Searsmont and Union), and Berry (Searsmont, West Rockport, Union, Waldoboro East).  The more extensive map 

in Figure 1 also incorporates 1:24,000-scale mapping by Osberg and Guidotti (1974), and unpublished mapping by 

Philip Osberg (Camden, West Rockport), Adam Schoonmaker (Thomaston), and Berry (Lincolnville, Camden, 

Thomaston), some of which has been included in maps presented by Osberg (1991), West (1995), Osberg and others 

(1995), Berry and Osberg (2000), Berry and others (2000), Tucker and others (2001), and Gerbi and West (2007). 

 

A STRUCTURAL PUZZLE 

Geometry 

 

At its southern end where it is intruded by the Waldoboro pluton, the trace of the Sennebec Pond fault trends 

north-south (Figure 1, Waldoboro East quadrangle).  It continues northerly through most of the Union quadrangle.  

Near the northern edge of the Union quadrangle and through the southeast corner of the Washington quadrangle it  
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Figure 1.  Geologic map of the field trip area.  Index map shows 7½' quadrangle names.  Gray dashed outlines 

indicate locations of subsequent figures, identified by figure number in the index map.  Heavy lines are faults: U/D 

= Up/Down, teeth indicate upper plate of thrust.  Towns: H = Hope, R = Rockland, Wn = Warren.  Plutons: NU = 

North Union, W = Waldoboro, Y = Youngtown.  Explanation of units is on facing page. Plus (+) indicates 

geochronology sample location.  Geology compiled from various sources listed in the text under Previous Work.  
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Figure 1. (continued) 

 
 

 

curves markedly through a nearly 45 bend as it passes through Sennebec Pond.  It then trends northeasterly through 

the Searsmont quadrangle, and continues on that strike for another 15 miles to where it is intruded by the Mt. Waldo 

pluton northeast of Belfast (Stewart and Wones, 1974; Osberg and others, 1985).  The deep seismic reflection line 

presented by Stewart and others (1993) shows that the Sennebec Pond fault is a major structural feature of the crust 

that dips southeast and can be detected to at least 12 miles depth. 

 

In the northeastern section of Figure 1, near Appleton Ridge, the Sennebec Pond fault truncates mapped units at 

a small angle, running nearly parallel to strike.  In the northern Union quadrangle, near the curve in the fault trace, 

the map units east of the main fault are offset by several fault splays.  In the southern section, where the fault trends 

north-south, it appears to be a single strand that truncates mapped units on both sides of the fault at a high angle to 

strike.  While there are several different rock units against the east side of the fault, all of them can be assigned to 

some part of the eastern tectonostratigraphy of pre-Silurian units mapped in the Hope-Rockland area (Figure 1); 

none of the Late Ordovician-Silurian units of the Kingsclear Group (Fredericton belt) are present east of the main 

trace of the fault.  For this reason, this fault has long been cited as a significant regional boundary, and perhaps a 

terrane boundary (Osberg, 1978, Stewart and others, 1993, e.g.). 

 

Two fault slivers along the east side of the fault deserve special mention.  One is the Muzzy amphibolite (Omz) 

in the northern part of Figure 1, and the other is the small bit of Benner Hill Formation (Obh) near the middle of 

Figure 1.  These units both have pale amphiboles (cummingtonite-grunerite) and distinctive gray garnets that 

identify them as correlating with the Benner Hill Formation of the Rockland area (Figure 1).  Their presence along 

the fault is another puzzle piece, one which implies significant displacement. 

 

To the west of the main strand of the Sennebec Pond fault, most of the rocks are assigned to formations of the 

Kingsclear Group (Ghent, Appleton Ridge, and Bucksport), correlative with rocks deposited in the Fredericton 
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Trough of southwestern New Brunswick.  The exceptions are one large area and one small area of migmatitic schist 

assigned to the Clarry Hill Formation and interpreted to be klippen thrust onto the Kingsclear Group along the 

Clarry Hill thrust (Figure 1, Tucker and others, 2001).  The Clarry Hill Formation is correlated with the 

Megunticook Formation found east of the fault, and so would represent the only occurrence of rocks from the east 

currently found west of the Sennebec Pond fault.  Correctly assembling this piece of the puzzle is critical to the 

interpretation of the Clarry Hill thrust being an older and more significant boundary than the Sennebec Pond fault. 

 

As a consequence of the curved fault geometry, most of the deformation related to the fault is focused on the 

east side of the main fault strand, inside the bend.  In the southern and central areas of Figure 1, outcrops near the 

fault trace are apparently unaffected by the faulting.  In the northeast section of the map, however, (at stops 0 and 1) 

there is intense deformation of rocks immediately east of the fault, producing a map unit with a large variety of rock 

types interleaved at scales from 100 meters to less than 5 meters.  This map unit is interpreted as a structural 

complex, the Jam Brook Complex, that we suggest is related to the Sennebec Pond fault (Berry and others, 2003). 

 

The Jam Brook Complex 

 

The Jam Brook Complex includes marble, calc-silicate rocks, quartzite, polymictic pebble conglomerate, gneiss 

with blue quartz grains, cummingtonite-garnet gneiss, and quartz-mica schist and granofels of several varieties.  

Originally interpreted by Bickel (1976) as a stratigraphic unit, the Jam Brook Formation, we now consider it to 

include a variety of stratigraphic units juxtaposed along an indecipherable number of internal strike-parallel faults.  

The individual rock types of the Jam Brook Complex can be matched with various parts of the stratigraphic sections 

of the Rockport Group and the Cookson Group (Megunticook, Simonton Corners, and Penobscot formations) 

exposed in the Camden-Rockland area, but they are out of stratigraphic order as currently understood (Berry and 

Osberg, 1989).  In particular, the Jam Brook includes medium-grained andalusite schist with metasandstone like the 

Ogier Point Formation, calc-silicate rocks and marble like the Beauchamp Point Formation, limestone pebble 

conglomerate like the Coombs Limestone, orange-weathering clean white quartzite like the Rockport Quartzite, 

polymictic conglomerate like the Simonton Corners Formation, and sulfidic schist and volcanics like the Penobscot 

Formation.  Therefore we assign an age range of Precambrian to Ordovician to encompass all these possibilities.  

Some mapped units within the Jam Brook Complex are shown on Figure 2, and a representative outcrop traverse is 

shown in Figure 3 (Stop 0, which we will not have time to visit today).  Because it is bounded to the northwest by 

the main trace of the Sennebec Pond fault, the faults within the structural complex are considered to be related to the 

Sennebec Pond fault. 

 

Age and Sense of Motion 

 

The age of motion on the Sennebec Pond fault is younger than the metamorphic isograds that it truncates 

(Bickel, 1976) and older than the plutons that intrude it.  The youngest regional metamorphism west of the fault, 

excluding the Clarry Hill Formation, is Middle Devonian, approximately 385 Ma (Tucker and others, 2001; Gerbi 

and West, 2007).  The metamorphic age determination closest to the Sennebec Pond fault is a monazite age of 386 

±1Ma from the strongly lineated North Union granite gneiss (NU on Figure 1; Tucker and others, 2001).  

Metamorphism east of the fault, though not dated precisely, is distinctly older, probably Late Silurian, with monazite 

growth ages from a sample of Megunticook Formation about 3 miles east of the fault strongly concentrated around 

420 Ma (labeled Meg on Figure 1; Gerbi and West, 2007), post-tectonic intrusion of the Youngtown pluton at 420 

±2 Ma (labeled Y on Figure 1; Tucker and others, 2001), and 
40

Ar-
39

Ar hornblende ages of ca. 414-430 Ma dating 

the last cooling through 480 C in the Warren area (West and others, 1995). 

 

An important study by Gerbi and West (2007) supports the correlation of the Clarry Hill Formation west of the 

fault with the Megunticook Formation east of the fault on the basis of thermal history.  They found that spot 

monazite ages from two Clarry Hill samples, a quartzite (CH1 on Figure 13) and a migmatitic sillimanite gneiss 

(CH2 on Map1) fall in the range of ca. 403-430 Ma, similar to that of the Megunticook sample, and approximately 

20-40 m.y. older than the age of metamorphism inferred for the surrounding rocks of the Kingsclear Group.  This 

supports the Clarry Hill thrust model that was deduced from field mapping (Tucker and others, 2001), and requires 

the thrust to postdate the Middle Devonian metamorphism of the underlying rocks in the footwall, since no effects of 

the younger metamorphism were detected.  This places an additional constraint on the age of the Sennebec Pond 

fault, which must postdate not only the ca. 385 Ma metamorphism of the Kingsclear Group, but also the subsequent 

emplacement of the Clarry Hill thrust which is in turn cut by the Sennebec Pond fault.  
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High-precision U-Pb zircon ages date the crystallization of the Waldoboro Granite (368 ±2 Ma, Tucker and 

others, 2001) and the Mt. Waldo pluton (371 ±2 Ma, Stewart and others, 1995), which intrude the Sennebec Pond 

fault.  Therefore, motion on the fault occurred between about 385 and 368 Ma, and probably toward the younger end 

of that bracket, since it postdates the Clarry Hill thrust which also must fall in the same bracket. 

 

The Sennebec Pond fault was originally thought to be a northwest-directed thrust for the simple reason that it is 

an east-dipping fault that carries older rocks of the Cookson Group on younger rocks of the Kingsclear Group 

(Osberg and others, 1985; Stewart and others, 1993).  The underlying assumption in this model is that the older 

rocks were at a deeper level before motion on the Sennebec Pond fault.  Discovery of the Clarry Hill thrust now 

means that the older rocks were at a higher structural level before displacement on the Sennebec Pond fault.  

Therefore, motion on the Sennebec Pond fault would have to be east side down in order to bring the older rocks 

against the younger rocks.  Other observations which may favor the normal fault hypothesis are (1) absence of 

Middle Devonian thermal effects east of the fault, implying that they were at a higher (cooler) structural level (West 

and others, 1995); (2) footwall rocks (Kingsclear Group) are not present in the structural complex east of the fault 

(stops 0 and 1), as would be expected in a foreland-propagating thrust system; and (3) at the bend in the fault, splays 

are present in the hanging wall, above the main strand of the fault.  The cross-section presented by Osberg suggests 

several kilometers of east-side-down motion on the Sennebec Pond fault (Tucker and others, 2001). 

 

A STRATIGRAPHIC ENIGMA 
 

There are two reasons that stratigraphic assignment of individual outcrops along the Sennebec Pond fault is 

difficult.  The first is that the stratigraphic sequences are so disrupted structurally that it is not safe to assume that 

neighboring rocks are in their original stratigraphic sequence.  The second reason is that there is not a one-to-one 

correlation of rock type to formation.  Several formations are lithologically complicated internally and so include 

many rock types; some common rock types, notably quartz-mica schist, occur in different formations that can be 

difficult to distinguish; and primary sedimentary structures are commonly obscured by deformation, polymetamor-

phism, and even partial melting, altering the character of the rock.  Although stratigraphy is difficult in these rocks, 

it is the key element in understanding the structural geology, especially low-angle thrust sheets (Billings, 1950).  

The Jam Brook Complex is presented above, as part of the structural puzzle.  Here are other specific aspects of the 

stratigraphy relevant to field trip, listed approximately in the order we will encounter them during the day. 

 

Appleton Ridge Formation (Stop 1, Stop 6) 

 

A distinctive characteristic of Appleton Ridge schist is the abundance of large porphyroblasts, especially 

andalusite and staurolite (Bickel, 1976; West, 2000).  In general, it has more mica, less quartz, and is darker in color 

than quartz-mica schists of the Megunticook Formation or the Rockport Group.  To the west and south, however, 

metamorphic grade increases to the sillimanite zone and porphyroblasts are pseudomorphed, so the characteristic 

texture found on Appleton Ridge becomes somewhat less distinctive.  The Appleton Ridge commonly has regularly 

interbedded, laterally continuous feldspathic, micaceous quartzite (metamorphosed sandstone), a bedding style 

which persists into the higher metamorphic grades.  This bedding style is not common in the Megunticook 

Formation.  Uncertainty in formation assignment can come for outcrops which lack these distinctive metamorphic 

textures or bedding style. 

 

The Appleton Ridge Formation is between the Ghent Phyllite and the Bucksport Formation (Figure 1), in 

stratigraphic continuity.  Long-distance correlation to eastern Maine and southern New Brunswick of the Appleton 

Ridge with the Didgeguash and the Bucksport with the Flume Ridge implies that the Bucksport is younger than the 

Appleton Ridge, as shown in Figure 1.  Scattered observations of graded beds within the Appleton Ridge Formation 

in the area of Figure 1 are equivocal, showing tops both to the northwest and southeast (Bickel, 1976; West, 2006; 

Norton and others, in preparation).  In the Belfast quadrangle, Pollock (2012) concluded from local facing indicators 

that the Bucksport is older than the Appleton Ridge.  Preliminary detrital zircon analyses from the Flume Ridge 

Formation in eastern Maine and adjacent New Brunswick indicate a Silurian age, which we adopt for the correlative 

Bucksport Formation.  Stratigraphic relationships within the Kingsclear Group remain unclear. 
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Megunticook-Penobscot Contact and Gushee Member (Stops 2, 3, 4, and 11) 

 

The contact between the Cambrian(?) Megunticook Formation and the Cambrian-Ordovician Penobscot 

Formation has been mapped in the area of Figure 1 for a contact length of more than 50 miles thanks to repetition by 

map-scale folds.  It is mapped as a lithologic contact between quartz-rich mica schist and gneiss of the Megunticook 

Formation and sulfidic, graphitic schist of the Penobscot Formation.  Though obscured by metamorphism to 

andalusite or higher grade accompanied by a strong schistosity, the contact is interpreted to be stratigraphic for the 

following reasons.  At several places where the contact is closely constrained (as at Stop 4) or exposed, it is 

gradational over a few meters or less and appears to be conformable, although persistent bedding is not generally 

available through the contact zone.  At many places at or near the contact are small bodies of marble (limestone), as 

shown on Figure 1 (Osberg and Guidotti, 1974; Berry and Osberg, 2000).  We will see marble bodies at stops 3 and 

11 assigned to the Penobscot Formation.  Also, small bodies of felsic gneiss and amphibolite (felsic pyroclastics and 

mafic volcanics) are present in the Penobscot Formation, commonly at or near the base of the formation and also at 

higher stratigraphic levels (Osberg and others, 1995).  At the top of the underlying Megunticook Formation, a 

horizon with pink coticule is commonly present.  While these minor rock types are not present everywhere, the fact 

that the sequence of coticule-marble-volcanic-black schist occurs at many places along the contact argues for a 

stratigraphic succession.  Furthermore, a very similar sequence of coticule-pillow basalt-black shale is reported on 

the eastern Maine border at Calais over a hundred miles along strike (Ludman, 1991, his stops 2 and 3).  

Nevertheless, the lithologic variability along the contact is enigmatic and may be due to structural modification of 

the contact in addition to stratigraphic variation.  As has been pointed out by Douglas Reusch (written 

communication, 2016), the occurrence of marble, suggestive of a shallow marine, oligotrophic setting, is 

problematic in the context of adjacent siliciclastic strata deposited in a deep marine, oxygen-poor environment. 

 

The Gushee Member of the Penobscot Formation (Bickel, 1976) occurs in two belts.  The broader main belt, up 

to 1.3 km wide, is thought to be at the base of the Penobscot Formation because it is in contact with the 

Megunticook Formation to the west (Figure 2).  It consists of metamorphosed volcanics of mafic and felsic 

composition, which have been divided in the Searsmont quadrangle, and undivided elsewhere.  A lingering question 

about the Gushee is why it is so thick in the main belt, where just a short distance to the south there are no volcanics 

at the contact (Stop 4, Maps 1 and 4).  Two simple options are (1) that the area around the type locality (Roland 

Gushee Farm in Appleton, Bickel, 1976) is an eruptive center, and the volcanics form a stratigraphic lens that thins 

dramatically to the south and east; and (2) the Gushee Member may be higher in the section and not at the base of 

the formation.  This would require the contact with the Megunticook along the west side of the main Gushee belt to 

be a fault rather than a stratigraphic contact.  Option 1, a stratigraphic contact, is shown on Figure 2.  Evidence 

which might support option 2 is an age of 503 ±5 Ma for a thin metamorphosed volcanic rock at the base of the 

Penobscot Formation (Tucker and others, 2001), in an area where the stratigraphic relationships at the contact 

appear to be well preserved, from coticule-bearing Megunticook schist up through the dated felsic pyroclastic 

volcanic, followed by amphibolite (mafic volcanic), then by bedded sulfidic quartzite and schist of the Penobscot 

Formation (Berry and Osberg, 2000, their Figure 1).  Although there is a 5 m.y. uncertainty on this age, taken at face 

value it is about 10 m.y. older than the new ages reported here for the Gushee at Stop 2.  Further geochronology or 

further geochemistry on the small volcanic lenses at the base of the formation in the area of Figure 1 might help 

resolve this question. 

 

Benner Hill Formation (Stop 5) 

 

The Benner Hill Formation is the youngest unit in the Benner Hill Sequence (Osberg and Guidotti, 1974; Berry 

and others, 2000), shown in its type area in the southeast corner of Figure 1 below the Clam Cove thrust.  Its most 

distinctive rock type is a thin-bedded, dark gray, fine-grained biotite-quartz granofels to quartz-biotite schist with 

thin (3-5 mm) coticule layers packed with tiny garnets (0.2-0.3 mm).  The garnets are rich in manganese which gives 

them a translucent gray to purplish-gray or pinkish-gray color when fresh.  Outcrops typically weather to a smooth, 

rounded surface with thin coticule beds slightly raised in relief.  Deformed brachiopods at the top of the immediately 

underlying unit, the Hart Neck Formation, are Caradocian, establishing an early Late Ordovician age for the Benner 

Hill Formation (Boucot and others, 1972; Neuman, 1973; Boucot, 1973; Berry and others, 2000).  The stratigraphic 

relationship of the Benner Hill Sequence to the Cookson Group is unknown; where they are juxtaposed in the study 

area, their contact is interpreted to be a fault (Figure 1).  Age relationships permit the Benner Hill Sequence to be 

resting above the Penobscot Formation, although there may be a significant gap in the Middle Ordovician that is not 

represented west of Penobscot Bay.  
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Whatever its stratigraphic relationship, there is a patch of the Benner Hill Formation caught along the east side 

of the Sennebec Pond fault (Figure 12).  If it is stratigraphically above the Penobscot Formation, then this 

occurrence implies that a higher structural level is preserved along the fault here.  Alternatively, this bit of Benner 

Hill may be exposed in a window through a thrust, similar to the Clam Cove thrust, which would imply that it 

represents a deeper structural level. 

 

Clarry Hill Formation (Stops 7 and 8) 

 

An area of migmatitic schist was discovered around Clarry Hill by Steve Norton in 1973-74 in mapping the 

Union quadrangle.  The bedrock mapping project was suspended when Steve decided to change his research focus to 

aqueous geochemistry, but he had been in communication with Phil Osberg who was mapping in the Camden and 

West Rockport quadrangles at the time.  On the Bedrock Geologic Map of Maine (Osberg and others, 1985), this 

area was shown as part of the Appleton Ridge Formation, with the difference in character attributed to high 

metamorphic grade and partial melting.  In the 1990s, with the advantage of better understanding the Megunticook 

stratigraphy, Osberg looked at this area again and decided on the basis of small pods and layers of coticule that it is 

unlike the Appleton Ridge Formation and more closely resembles the Megunticook Formation, which led him to 

propose the Clarry Hill thrust (Tucker and others, 2001).  Berry did additional mapping in this part of the Union 

quadrangle in 2003-2004 to test this hypothesis, concentrating on the southern contact of the Clarry Hill with the 

Bucksport Formation along what is currently interpreted as the Clarry Hill thrust.  This work confirmed lithologic 

similarity to the Megunticook Formation in some places, but also several other minor rock types.  In particular, a 

unit of well-bedded quartzite and schist has been mapped (Figure 13).  Rocks similar to those of the Appleton Ridge 

were not discovered.  There is a large amount of igneous rock and migmatite, similar to the exposures of 

Megunticook Formation on the Millerite Ledges  near the Youngtown pluton in the Camden Hills (Berry and 

Osberg, 2000, their stop 23, for example) and in South Union.  The point is that this is difficult geology, and has 

required repeated efforts in the field.  The locations for today's field trip stops have been chosen to emphasize the 

thrust contact; we will not see much of the Clarry Hill Formation. 

 

A TECTONIC RIDDLE 
 

Here is the riddle.  Does the Sennebec Pond fault offset a pre-existing major tectonic boundary?  Several lines 

of evidence suggest that it may. 

 

The Kingsclear Group is a thick succession of Silurian turbidites that was deposited in a marine basin called the 

Fredericton Trough in New Brunswick (McKerrow and Ziegler, 1971).  The Kingsclear Group is bounded to the 

southeast by the older Cookson Group, although that contact is interpreted as a fault nearly everywhere, including 

the entire distance from the area of Figure 1 to the Canadian border (Osberg and others, 1985).  The possible 

exception is near the Digdeguash River, New Brunswick, where the local map pattern suggests the lowest unit of the 

Kingsclear Group (Digdeguash Formation) may rest disconformably on the highest unit of the Cookson Group 

(Kendall Mountain Formation) (Fyffe and others, 2011).  After a recent informal field review of this area in July 

2015, Les Fyffe concluded that some of the rocks previously mapped as Digdeguash may be part of the Kendall 

Mountain, and the most logical explanation for the map pattern is that a fault separates the deep water rocks of the 

Digdeguash Formation from the Cookson Group (L. Fyffe, written communication to A. Ludman and Berry, 2015).  

If so, this would leave the stratigraphic relationship between the Kingsclear and Cookson Groups open to question.  

Across strike to the southeast, Silurian rocks deposited in a shallow-water shelf environment rest unconformably on 

the eastern side of Cookson Group (Cumming, 1967; Gates, 1989; Fyffe and others, 1999).  This requires that the 

stratigraphic edge of the Fredericton Trough must lie northwest of the shallow-water rocks, and is probably cut out 

by faults along the northwest side of the Cookson Group (Ruitenberg and Ludman, 1978; Berry and Osberg, 1989; 

Fyffe and others, 2009).  The Sennebec Pond fault is one of those that would offset the eastern margin of the basin. 

 

Provinciality of Silurian fauna on opposite sides of the Fredericton Trough indicates that it was a significant 

oceanic tract (Tucker and others, 2001), although its dimensions are not known.  The name Kronos Ocean was 

proposed for this tract by Berry and Osberg (1989), Kronos being the younger brother of Iapetus and Rhea in Greek 

mythology, but this has been superseded by a name carried from Newfoundland, the Tetagouche-Exploits basin 

(Reusch and van Staal, 2012).  Closure of this ocean basin in the Late Silurian has been attributed to subduction 

along its eastern margin (Tucker and others, 2001), its western margin (Reusch and van Staal, 2012), or both 

margins (Bradley, 1983; Berry and Osberg, 1989).  If an east-directed subduction model is correct, then the 
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Sennebec Pond fault may offset a Silurian terrane boundary.  That boundary might be represented by the Clarry Hill 

thrust, or probably by an older fault zone that is offset by the Clarry Hill thrust.  Furthermore, contrasts among 

Cambrian-Ordovician strata suggest that there were separate Ordovician terranes that accreted before the Silurian, so 

there may be cryptic Ordovician terrane boundaries as well (Berry and Osberg, 1989; Johnson and others, 2010). 

 

Other local geologic features are offset by the Sennebec Pond fault.  Significant Devonian metamorphism 

apparently is present only to its west; peak metamorphism to the east is Silurian (West and others, 1995).  Devonian 

deformational domains are different, with Late Silurian plutons east of the fault being little deformed (such as the 

420 ±2 Ma Youngtown granite), and Late Silurian plutons west of the fault being strongly deformed (such as the 

422 ±2 Ma North Union pluton) (Figure 1; Tucker and others, 2001).  Dextral deformation related to the Norumbega 

shear system has not been reported east of the fault, and is present immediately west of the fault (Stop 2). 

 

Although it currently marks the southeastern limit of the Kingsclear Group for much of Figure 1, we contend 

that the Sennebec Pond fault is not the original structural boundary, which is either the Clarry Hill thrust, or an older 

buried thrust that is cut by the Clarry Hill thrust (Tucker and others, 2001; Osberg and others, 1995).  So the 

boundary on the map between the Kingsclear Group and the Cookson Group is not necessarily marked by a single 

continuous fault.  For example, one possibility is that the Kingsclear-Cookson boundary is marked by the Sennebec 

Pond fault as far northeast as the Penobscot River, and by an older thrust fault farther to the northeast so that what is 

mapped as a significant bend in the fault (Osberg and others, 1985) might alternatively be where two faults intersect. 
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DISCLAIMER 
 

The localities described in this field guide have been selected specifically for their exceptional scientific value 

and should be respected out of consideration for future geologists.  Please be very conservative in hammering or 

taking samples at these locations.  Before visiting any of the sites described in this field guide, you must obtain 

permission from the current landowner.  Be aware that access may not be granted. 

 

OPTIONAL ROAD LOG 
 

Note: A separate road log and a description of an extra stop, Stop 0, are included at the beginning of the road log for 

completeness, but we won't have time to visit Stop 0 on the day of the trip.  The optional road log, written in italics, 

is an excursion that begins at mile 14.2 of the actual road log and rejoins the trip at the same point.  This optional 

excursion should be ignored on the day of the trip.  On the day of the trip, follow the ACTUAL ROAD LOG 

beginning at Mileage = 0.0, at the Meeting Point and go directly to Stop 1. 

 

Optional Excursion to Stop 0. 
 

14.2(0.0) Do not turn L onto dirt road.  Reset mileage to zero.  Continue north on Sennebec 

Road. 

0.1 - 0.2 Excellent views of Appleton Ridge to the left (west). 

0.6 Quaker Cemetery on the left. 

0.8 Turn R onto Peabody Road, going straight through triangular intersection. 

1.7 Pavement ends.  Continue on dirt road. 

2.1 Sharply curved driveway on the right.  Important.  This is private property.  We do 

not have permission to visit this site on the day of the field trip.  
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Figure 2.  Geologic map of stops 0 through 2, shown by rectangles.  For location, see Figure 1.  Red lines at north 

edge of map are isograds for garnet (G) and andalusite (A), labeled on the high grade side.  Units as shown on 

Figure 1, with the following additional units.  Mapping by West (2006) and Berry and others (in review). 
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Stop 0.  TRAVERSE THROUGH THE JAM BROOK COMPLEX.  (Not to be visited on the 

field trip!)  This site consists of a cross-strike traverse through the Jam Brook Complex southeast 

of Peabody Road (Figure 3).  A series of closely spaced outcrops of different rock types is typical 

of the lithologic variety of the Jam Brook.  This is presented in the field guide for reference when 

visiting Stop 1, which has a similar range of rock types, but at less than one-tenth the scale. 

 

2.1 Turn around and head south on Peabody Road. 

3.3 Cross Sleepy Hollow Road.  At Stop Sign, Turn L onto Sennebec Road. 

4.2 End of Optional Excursion.  Rejoin actual road log at 14.2 miles, turning R onto dirt 

road to reach Stop 1. 

 

ACTUAL ROAD LOG 

 

Mileage 
0.0 Meeting point.  Dirt parking area next to Moody's Diner, U.S. Route 1, Waldoboro, 8:30 a.m.  Moody's is 

just east of the traffic light at the intersection of Rt. 220, about 45 minutes from Bath.  The dirt parking area 

is southeast of the main diner parking lot, just south of a tiny pond.  Geographic coordinates (WGS84 

Lat/Long): 44.09916, -69.45495. 

0.0 Leave dirt parking lot by east exit (away from Moody's).  Turn L onto paved driveway, toward Route 1. 

0.0 Turn R onto Route 1 North. 

0.8 Use left turning lane.  Turn L onto Route 235 North (Union Rd).  We will follow Route 235 for 9.2 miles. 

0.9 Power lines. 

9.6 Stop sign in Union village.  Continue straight on Route 235 North. 

10.0 Stop sign and blinking light at Route 17.  DANGEROUS INTERSECTION.  Continue straight on 

Sennebec Road. 

10.7 - 10.9 Views of Appleton Ridge to the left (west). 

11.9 - 12.1 Views of Sennebec Pond to the left (west). 

13.7 Pass Gushee Road on the left.  We will come back here for Stop 2. 

14.1 Sign on the right for Hidden Drive.  Slow down. 

14.2 Turn L onto dirt road.  No road sign, only "Posted, No Trespassing, Keep out".  We have special 

permission to access this site for the field trip.  Proceed along the south side of the blueberry field.  This 

private road used to be called Conary Lane (and misspelled "Canary Lane" in some GIS data files), but that 

name is no longer being used. 

14.4 Telephone pole on right (CMP 111.3, 117.3), in front of outcrop.  More outcrops along strike to NE.  These 

volcanic rocks are described by West and others (2000, their Stop 11A).  We will see better exposures 

along strike in the same map unit today at Stop 2. 

14.4 Pass through gate.  Park in grass to L, across from barn with blue metal roof.  This is Stop 1. 

 

STOP 1.  SENNEBEC POND FAULT TRAVERSE: SENNEBEC POND FAULT COMPLEX AND 

APPLETON RIDGE FORMATION.  This stop was discovered by Dave West in 1999 while mapping the 

Washington quadrangle and was visited on a previous NEIGC trip (West and others, 2000).  Outcrops of interest are 

in an old gravel pit that was active in the 1970s and abandoned (for obvious reasons).  Outcrops of interest are a 

series of isolated pavements on the west-facing slope. 

 

1A.  More than 10 different rock types can be found distributed in thin, discontinuous belts less than 5 meters 

across.  The most abundant include (in no particular order): (1) Gray to purplish-gray, massive quartzite; (2) Purple-

gray, very fine-grained, thinly laminated (< 5 mm) quartz-plagioclase-biotite granofels interlayered with light green 

calc-silicate granofels; (3) Light gray, slightly rusty-weathering, quartz-mica schist with white mica pseudomorphs 

after andalusite; (4) Dark gray to black, hornblende-plagioclase amphibolite; (5) White to buff colored, very fine-

grained, quartz-plagioclase granofels with possible relict plagioclase phenocrysts; and (6) Light gray, medium- to 

coarse-grained calcite marble.  Where they have been observed, the contacts between these different rock types are 

sharp.  The individual rock types are not mappable at 1:24,000 scale, and have been mapped instead as the Sennebec 

Pond fault complex (Figure 2; West, 2006).  This complex is approximately 200 meters wide, bounded on the west 

by the main trace of the Sennebec Pond fault.  Most of the outcrops closest to the fault are quartz-rich and strongly 

sheared.  Compositional layering in these outcrops trends generally N25E, 75SE parallel to the mapped fault trace. 
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Due to the limited exposure and the thin, discontinuous nature of the individual rock types, it is not known to 

what extent any of them may extend along strike.  We consider this to be part of the Jam Brook Complex, but at a 

finer scale.  Because of the incredibly wide range of rock types exposed in such a small area, it seems likely that 

these units have been tectonically juxtaposed.  Evidence of shearing and flattening (boudinage and folding) is 

ubiquitous in these outcrops.  Unfortunately, recrystallization and mineral growth during retrograde metamorphism 

have overprinted microstructures (Hill and others, 2015), and earlier deformations make kinematic analysis difficult 

at the outcrop scale. 

 

Continue walking west across the low, damp area to the pavement outcrops exposed just beyond the 

cattails. 

 

1B.  Light gray quartz-mica schist with andalusite pseudomorphs interlayered with impure quartzites of the 

Appleton Ridge Formation of the Kingsclear Group.  The main trace of the Sennebec Pond fault lies beneath the 

swampy area (as is typical of New England faults), but is constrained by outcrop to within 40 meters.  The Appleton 

Ridge Formation continues from here up the hill to Appleton Ridge.  Note that these rocks appear appreciably less 

strained that those in the chaotic zone east of the fault.  Bedding is well preserved and continuous, and white mica 

pseudomorphs after andalusite (chiastolite) show little in the way of deformation.  Another important observation is 

that these rocks carry a dextral shear fabric (Hill and others, 2015) that is common for many tens of miles to the 

west, but is not present to the east of the Sennebec Pond fault.  This outcrop is the eastern limit of that fabric.  It is 

important to remember the lithology of the Appleton Ridge Formation here, to compare it with other outcrops later 

in the day. 

 

Return to cars. 

14.4 Turn around.  Head back up the hill on the dirt road. 

14.6 Turn R onto Sennebec Road. 

15.1 Turn R onto Gushee Road (dirt). 

15.3 Turn L just before black mailboxes, onto long, one-lane driveway. 

15.6 Park at house on pavement area, or pull off the side of the driveway.  Do not block driveway. 

 

STOP 2.  GUSHEE VOLCANICS AND MEGUNTICOOK FORMATION.  PLEASE be very careful when 

walking thorough this blueberry field to access the various outcrops discussed below.  Even when blueberries are 

not “in fruit”, one should avoid stepping on the plants and always make a valiant attempt to step in barren areas 

rather than directly on the plants. 

 

Bedrock exposures at the edge of the blueberry field along the northeastern shore of Sennebec Pond provide an 

excellent opportunity to view metamorphosed volcanic rocks of the Gushee Member of the Penobscot Formation 

(Cookson Group).  At this latitude, the Gushee volcanics are found in two separate north-northeast trending belts 

(Figures 1 and 2).  The eastern belt, up to 1.3 kilometers wide, extends uninterrupted for about 40 kilometers from 

Union to Belfast (Bickel, 1976).  The western belt, repeated by 

faulting, is only up to 400 meters wide and of more limited extent 

along strike (West, 2006; Berry and others, in review).  Whole 

rock geochemistry and U-Pb zircon ages from the volcanic rocks 

in these two belts are indistinguishable and confirm their 

correlation (Burke, 2016).  The exposures of the Gushee 

volcanics at this stop are in the western belt.  This stop also 

provides an opportunity to view rocks of the Megunticook 

Formation in the eastern part of the field.  The Megunticook is 

stratigraphically below the Penobscot Formation, but they are 

separated by an inferred fault here. 

 

 

 

  

Figure 4.  Metamorphosed mafic volcanic rock  

(amphibolite) with plagioclase and hornblende 

phenocrysts at Stop 2. 
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Figure 7.  Tectonic discrimination diagrams for basaltic amphibolite rocks from Hollocher and others (2012) 

showing the compositions of rocks from the Gushee Member of the Penobscot Formation (eastern & western belts 

combined). 

  

Figure 5.  Plot of SiO2 versus Zr/TiO2 for meta-volcanic 

rock samples analyzed from the Gushee Member of the 

Penobscot Formation.  Blue circles are from the main 

eastern belt of the Gushee, whereas the red circles are 

from the structurally repeated section to the west (visited 

at Stop 2).  Fields are from Winchester and Floyd 

(1977). 

Figure 6.  Extended rare earth element diagram 

normalized to Mid-Ocean Ridge Basalt 

abundances (Sun and McDonough, 1989) for 

mafic rocks of the Gushee Member of the 

Penobscot Formation.  Colors the same as used 

in Figure 5.  Note the very prominent negative 

niobium anomaly 
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The exposures along the shores of Sennebec Pond illustrate the remarkably well-preserved volcanic character of 

both mafic and felsic rocks associated with the Gushee Member of the Penobscot Formation.  The mafic rocks, now 

amphibolites, preserve relict phenocrysts (Figure 4), calcite-filled amygdules, and flattened scoria bombs.  The felsic 

rocks, now granofels, preserve abundant relict phenocrysts and rare lapilli fragments.  Bulk rock geochemistry 

reveals a range of volcanic rock compositions in the Gushee, from 45 to 76 wt% SiO2 (Figure 5).  Metamorphosed 

basaltic rocks from the unit show relatively flat rare earth element abundances relative to chondrites (not shown), 

and extended rare earth element diagrams show prominent Nb depletion relative to Th and La (Figure 6) indicative 

of a source region influenced by subduction processes (Tiepolo and others, 2000).  The immobile trace element 

geochemistry of mafic volcanic rocks in the Gushee is consistent with formation in an island arc system generated 

through ocean-ocean subduction (Figure 7). 

 

Zircons separated from felsic igneous rocks of the 

Gushee are euhedral and show beautiful igneous growth 

textures (Figure 8), consistent with their volcanic origin.  

Laser Ablation ICP-MS U-Pb isotopic analyses from zircons 

obtained from felsic volcanics in each of the Gushee belts 

are virtually indistinguishable and confirm their correlation 

(eastern belt = 489.8 ±1.2 Ma, western belt = 487.1 ±1.2 

Ma).  U-Pb zircon data from the sample collected from the 

western belt (visited at this stop) is provided in Figure 9.  

Collectively, the Late Cambrian to Early Ordovician age of 

the volcanic rocks in the Penobscot Formation, along with 

their geochemical similarities, support a correlation with 

rocks of the Annidale Belt in southern New Brunswick 

(Johnson and others, 2010), rather than those in the 

Ellsworth belt which are somewhat older and have different 

geochemical characteristics (Schulz and others, 2008).  The 

correlation of the Penobscot and Annidale belts would 

extend the zone of Late Cambrian to Early Ordovician 

volcanic arc tectonic activity associated with the Penobscot 

orogeny to the western Penobscot Bay region. 

 

 
Figure 9.  Tera-Wasserburg plots of U-Pb Laser Ablation ICP-MS results for zircons (Figure 8) from a felsic 

volcanic of the Gushee Member.  Error ellipses on each of the 80 analyses (77 concordant) are 2σ.  The average age 

of these analyses is 487.1 ± 1.1 Ma which is interpreted to be the time of eruption of volcanic rocks in this unit.  

Figure 8.  Cathodoluminescence SEM image of 

representative igneous zircons that were analyzed 

from a metamorphosed felsic volcanic sample of 

the Gushee Member of the Penobsoct Formation. 
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In addition to the volcanic rocks of the Gushee Member of 

the Penobscot Formation near the shore, there are 

exposures of the Megunticook Formation in the eastern 

part of the blueberry field (about 150 meters southeast of 

the house).  The Megunticook Formation here consists of 

gray weathering, interbedded mica schist and quartzite.  

The schists characteristically contain abundant small (< 0.5 

mm) pink garnets, and locally partially pseudomorphed 

andalusite.  There are a few coticule layers in this outcrop 

(Figure 10).  The Megunticook Formation is interpreted to 

be in fault contact with the volcanics because map units are 

cut out to the north (Figure 2).  The inferred fault lies in the 

prominent gulley trending ~ N20E between the 

Megunticook outcrops and the volcanics. 

 

 

 

 

15.6 Turn around.  Retrace route up the long driveway. 

15.9 Turn R on Gushee Road. 

16.2 Stop sign.  Turn R on Sennebec Road. 

17.5 Outcrop to left (east) of road, on small knoll at north end of blueberry field.  Mafic volcanics with pillow 

structure of the main belt of the Gushee Member.  These outcrops were visited on a previous NEIGC trip 

(West and others, 2000, their stop 10). 

19.8 Stop sign and blinking light.  DANGEROUS INTERSECTION.  Turn R onto Rte 17 W (and Rte 131 N).  

In the dirt parking lot in front of the office for Erica Harmon, CPA there are low outcrops of amphibolite 

belonging to a mappable unit within the Penobscot Formation (Figure 11). 

19.9 Cross St. George River.  Prepare to turn left. 

20.0 Turn L into abandoned quarry.  NOTE: Chain across the driveway is normally locked. 

 

STOP 3.  MARBLE QUARRY.  This is a brief stop to see an example of the Union marble belt studied by 

Cheney (1967) when the quarries were still active.  There is an internally complex stratigraphy within the quarries, 

but the economic focus was on a coarse-grained, high calcium marble known as "paper rock" because of its 

suitability for the paper industry.  Much of the variety is displayed in the large blocks along the edge of the quarry 

road.  PLEASE STAY BACK FROM THE HIGHLY FRACTURED ROCK AT THE QUARRY EDGE.  Among 

the many "impurities" in the marble, diopside and micas are common.  Folds, foliation, and lineation are common.  

Of particular interest, though not studied, are metamorphosed, boudinaged mafic dikes of unknown age or origin.  

Based on the map pattern (Figure 11), this marble is currently assigned to the base of the Penobscot Formation. 

 

20.0 Exit quarry.  Turn R onto Route 17 E (and Route 131 S). 

20.2 Blinking light.  Turn R onto Town House Road.  The Four Corner Variety has one, small, single-

occupancy restroom for emergencies. 

20.2 Just before crest of hill, turn R into parking lot at Church of the Nazarene.  Do not block parking lot 

entrance. 

 

STOP 4.  CONTACT BETWEEN THE MEGUNTICOOK AND PENOBSCOT FORMATIONS.  
PLEASE RESPECT THIS SITE.  Walk south of the church up the hill to the top of the small knoll.  Low, pavement 

outcrops on the north side of the top are intensely rusty-weathering, migmatitic schists of the Penobscot Formation.  

A rounded outcrop just to the south is gray, quartz-rich schist with garnet, andalusite pseudomorphs, and coticule of 

the Megunticook Formation.  General dip of the foliation is moderate to the northeast, with the Megunticook dipping 

beneath the Penobscot.  Minor open folds plunge gently to the northeast.  The two important points to make here are 

(1) that the contact is constrained to within a few feet, and there is no marble or volcanics here, as there are at other 

places on this contact (see marble bodies on Figure 1); and (2) that the intense northeast-trending vertical foliation 

we saw at Stop 1 is not present here, despite our proximity to the Sennebec Pond fault (Figure 11).  The orientations 

of planar fabrics at the outcrop scale are controlled by folding.  Although several high angle faults possibly related 

to the Sennebec Pond fault offset units on the map, they are not accompanied by a penetrative deformational fabric.  

Figure 10.  Thin coticule layers in the Megunticook 

Formation at Stop 2. 
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20.2 Exit parking lot.  Turn R continuing south on Town House Road. 

20.4 Stop sign.  Continue straight across Burkett Road at Union town common. 

20.45 Second stop sign.  Proceed straight on Depot St, Route 235 S. 

20.7 Bear left to stay on main road with center line.  (Don't take Ayer Hill.) 

21.0 Turn L into Ayer Park and park.  This is our planned lunch stop on Seven Tree Pond.  The park has picnic 

tables and portable toilets.  Stop 5 is walking distance across the bridge to the south.  Depending on the size 

of the group, we may split into two groups alternating between lunch and Stop 5. 

 

STOP 5.  BENNER HILL FORMATION.  Walk CAREFULLY with due vigilance, well to the side of the 

road.  There are two exposures.  One is the large road cut east of the road on the inside of a dangerous curve.  The 

rock at this exposure is a purplish-black to rusty-weathering, dark gray, fine-grained quartz-biotite-garnet granofels.  

In this fresh exposure it appears to be massive, but thin layering can be seen on some surfaces or broken pieces.  

Hammering is allowed at the road cut, although it is a very difficult rock to break.  Distinctive features of the Benner 

Hill are the pale pinkish-gray color of the garnets, and their abundance.  The rock is noticeably dense.  The second 

exposure is across the road in the dooryard.  This is obviously on private property, and we will not know until 

shortly before the trip whether we have permission to visit these exposures.  NO HAMMERS are allowed on these 

outcrops east of the road.  It is the same rock as in the road cut, but the weathered surface brings out the thin layers 

of quartzite and purplish-pink coticule commonly 2 to 4 mm and up to 1.2 cm thick diagnostic of the Benner Hill 

Formation.  The beds and laminae as well as thin granitic stringers are folded in tight to isoclinal folds.  This is the 

same lithology as the Benner Hill Formation on Benner Hill in Rockland (Berry and others, 2000, their Stop 1). 

 

This occurrence of Benner Hill Formation is interpreted to be in thrust contact with the overriding Cookson 

Group, exposed to the east (Figure 12).  There is a small outcrop of Megunticook Formation in the flower garden at 

Ayer Park, and outcrops of Penobscot Formation at the south edge of the park along the stream just east of the 

bridge.  The thrust is inferred to pass about under the bridge.  To the west, this unit of Benner Hill Formation is cut 

by the Sennebec Pond fault (Figure 12).  This combination of faults isolates this patch of Benner Hill Formation, and 

separates it from the main belt by about 6 miles on the ground.  We interpret it to have been brought up along the 

Sennebec Pond fault from below. 

  

Figure 11.  Geologic map of stops 3 and 4.  For location, 

see Figure 1.  Units as shown on Figures 1 and 2, with the 

following additional units.  Mapping by Norton and others 

(in preparation). 
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Figure 12.  Geologic map of stops 5-7.  For location, see Figure 1.  Units and symbols 

as shown on Figures 1 and 2.  Mapping by Norton and others (in preparation). 

 

 

21.1 Leave Ayer Park.  Turn L , continuing south on Route 235. 

21.5 View of the lake to the left (southeast), pasture on both sides of the road.  We are now driving on the west 

side of the Sennebec Pond fault. 

21.7 Farm with silos next to the road.  Slow down and prepare to pull off the road to the right. 

21.8 Pull off the right side of the road onto the grass, well off the pavement.  This is a dangerous road with 

limited visibility.  Please DO NOT WALK IN THE ROAD. 

 

STOP 6.  APPLETON RIDGE FORMATION BELOW THE CLARRY HILL THRUST.  The important 

aspect of this outcrop is its location, nearly completely cut off from the main belt of Appleton Ridge by impinging 

belts of the Clarry Hill Formation to the north and west (Figure 12).  We are now about 1000 feet west of the 

Sennebec Pond fault. 

 

Follow the leader by walking either through or around the pasture (depending on cattle population) up the 

hill to the northwest.  There is plenty of outcrop high on the slope, but much of it is pegmatite and granite.  

The best place to see the lithologic features of interest is at the open, flat-topped outcrop in a woods 

clearing just north of the barbed wire fence. 

 

The two important characteristics to see here are the bedding style and the schist composition.  Laterally 

continuous beds 4 to 10 cm thick of quartz-rich granofels (sandstone) are interbedded with coarse-grained quartz-

mica-sillimanite-garnet-staurolite schist, in a bedding style similar to the Appleton Ridge Formation we saw west of 

the fault at Stop 1B.  The coarse-grained schist has pseudomorphs after andalusite, some of which contain small, 

euhedral brown staurolite, a composition and texture common in the Appleton Ridge Formation (for example, see 

West and others, 2000, their Stop 9).  Unfortunately for today's trip, the schist here is different from the one we saw 

at Stop 1B near the fault which was severely retrograded.  Also, the rock here has coarse prismatic sillimanite, and 

appears to be at a somewhat higher metamorphic grade than the rocks on Appleton Ridge, although the 

metamorphism here has not been studied. 

 

21.8 Continue south on Route 235, staying to the right. 

21.9 Turn R onto Come Spring Lane (dirt). 
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22.0 Cross small stream.  Trace of the Clarry Hill fault runs through the field approximately here.  The hill 

ahead to the left is Clarry Hill. 

22.2 Park off the road to the right before Come Spring Farm.  Please DO NOT BLOCK THE ROAD.  The farms 

are active. 

 

STOP 7.  CLARRY HILL FORMATION ON NORTH FLANK OF CLARRY HILL.  We have now 

crossed up through the Clarry Hill thrust into the Clarry Hill Formation.  The large, rounded outcrops of interest are 

in the horse pasture north of the main house.  From here, you can look east across the pasture to the outcrops of 

Appleton Ridge Formation we just saw at Stop 6.  The Clarry Hill thrust lies in the pasture between here and there. 

 

The rock here is medium-grained to coarse-grained migmatitic schist, containing quartz, muscovite, prismatic 

sillimanite, and garnet.  Some sillimanite is in pseudomorphs after andalusite.  Muscovite "spangles" – conspicuous, 

large single grains – are common.  Some weathered surfaces have a splotchy reddish stain.  The main distinction 

between this rock and the Appleton Ridge outcrop at Stop 6 is the bedding style.  There are beds of biotite-quartz 

granofels here, but the bedding contacts are less distinct, and the beds are thinner and not laterally continuous.  The 

schist is also somewhat different, with the Clarry Hill schist being lighter colored and containing more quartz and 

muscovite, and less biotite than the Appleton Ridge.  Thin pale garnet coticule beds, as we saw in the Megunticook 

Formation at Stop 2 (Figure 10) are scattered through the Clarry Hill Formation, but have not been noted at this 

locality.  Migmatite, open folds and crenulation are common in the Clarry Hill Formation.  Despite these common 

differences, distinguishing between the Clarry Hill and the Appleton Ridge formations for an individual outcrop can 

be disconcerting and mysterious.  As the poet says, 

 
"Tell me what thy lordly name is on the Night’s Plutonian shore!” 

 Quoth the Raven “Nevermore.” 
from The Raven by Edgar Allen Poe 

 

22.3 Follow the lead car and turn around in the circular driveway.  Retrace the route east on Come Spring 

Lane. 

22.6 Turn R (south) on Route 235. 

23.4 Sharp right curve.  25 mph. 

23.8 Cross Warren town line. 

23.9 - 24.1 Views of Seven Tree Pond to left (east). 

24.3 DANGEROUS CURVE.  Stay on route 235.  Don't land in the cemetery. 

25.3 Continue straight, past Rabbit Farm Road on right.  Optional Excursion to CH2 begins here.  We will not 

follow this option today.  Continue straight on Route 235 and skip ahead in the road log to mile 25.7. 

 

Optional Excursion to CH2. 
 

25.3(0.0) Turn R onto Rabbit Farm Road.  Reset mileage to zero. 

1.3 Turn L onto Clarry Hill Lane (dirt). 

1.6 Pull off road.  This is PRIVATE PROPERTY; permission is required.  Outcrops in 

the stream south of the road are light gray migmatitic schist with coticule typical of 

the Clarry Hill Formation.  Indistinct layering may represent bedding.  Coticule and 

foliation are folded in disharmonic folds.  A prominent, large, rounded outcrop on 

the east bank of the stream, about 200 meters south of the road is the location of 

sample CH2 of Gerbi and West (2007), which yielded spot ages of ca. 405-430 Ma 

for metamorphic monazite, similar to results from the Megunticook Formation east 

of the Sennebec Pond fault.  This location was selected for geochronology because of 

the lithologic similarity to rocks of the Megunticook Formation. 

1.6 Continue west on Clarry Hill Lane. 

2.4 Turn L onto Jackson Road. 

2.6 Stop sign.  Turn R onto Old Augusta Road.  Rejoin Road Log at mile 27.1 

 

25.7 Crossroads at Whitney Corner.  Turn R on Old Augusta Road. 

27.1 Manks Corner.  Continue straight.  (Jackson Road enters from right). 

27.9 Power line.  
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28.9 Inconspicuous soft road through the bushes on the right (north) leads to blueberry field where sample CH1 

was collected (Gerbi and West, 2007) (Figure 13). 

29.0 Sign for left curve.  Prepare to turn. 

29.2 Turn L into driveway before the red roof. 

29.21 Driveway divides.  Take right fork. 

29.3 Park near house at end of driveway.  Leave enough clearance so we can get out. 

 

STOP 8.  TRAVERSE FROM THE BUCKSPORT FORMATION ACROSS THE CLARRY HILL 

THRUST (TWICE) INTO THE CLARRY HILL FORMATION.  The Clarry Hill thrust is what Leo Hall used 

to call a "conceptual" fault.  It is a lithologic contact across which significant displacement is inferred because of 

differences in geologic history between the units.  (See conceptual discussion at the beginning of the field guide.)  In 

this traverse, we will begin in the lower plate of the thrust, in bedded granofels of the Bucksport Formation, and 

walk generally northeast through schist of the Clarry Hill Formation, then another belt of Bucksport and ending in 

the Clarry Hill Formation of the main body of the unit.  The goals of this traverse are (1) to show you the rocks upon 

which this map pattern is based, so you can recognize the two formations in the field, and (2) to see that there are 

precious few structural features along this contact that would indicate that it is a significant fault.  We will follow the 

series of outcrops lettered A through H on the map in Figure 14.  To get a sense of the relationships, it is important 

to visit the outcrops in order  The leaders will attempt to flag a route through the woods, but please keep track of 

your location on the map as you go. 

 

8A.  Pavement outcrop, formerly under thin vegetative cover.  Well bedded granofels of the Bucksport 

Formation.  The rock is medium-grained dark gray quartz-plagioclase-biotite granofels with subordinate interbeds of 

greenish-gray diopside calc-silicate granofels.  Bedding is 1 to 5 cm thick and laterally continuous, striking 300 and 

dipping 62 NE.  This is a typical example of Bucksport, and is continuous from here for several miles to the south 

(Figure 1).  Thin dikes of granite and pegmatite cut the bedding. 

 

8B.  Three-dimensional outcrop with exposure on southwest and southeast sides and on top.  Migmatitic schist 

with subordinate quartzite beds.  The brownish weathering schist has andalusite pseudomorphs, abundant 

sillimanite, and garnet locally.  Orientation of schistosity is variable, but approximately 324, 50 NE, similar to the 

orientation of bedding at outcrop 8A.  We are now in the Clarry Hill Formation, above the thrust (Figure 14). 

 

8C.  Another outcrop of migmatitic schist, along strike from outcrop 8B.  From here go across strike to the 

north through open woods about 80 feet to the next outcrop. 

  

Figure 13.  Geologic map of Stop 8.  For location, 

see Figure 1.  Units as shown on Figures 1 and 2, 

with the following additional units.  Mapping by 

Berry and Osberg (2008) and Norton and others (in 

preparation). 
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Figure 14.  Geologic map of Stop 8, showing outcrops A through H described in the text.  Endpoints 

of cross-section X-X' are shown.  Grid coordinates in UTM NAD 27, Zone 19.  2 foot contours derived 

from LiDAR data provided by Maine Office of GIS. 

 

 

8D.  Rubbly outcrop of layered granofels assigned to the Bucksport Formation.  We are now in a thin belt of 

Bucksport Formation with Clarry Hill Formation on both sides.  Assuming that the contacts dip northeast, this belt is 

resting structurally above the Clarry Hill Formation.  There are two simple geometric explanations for the repetition 

of the Bucksport Formation in this second belt, and for its apparently inverted structural position.  One possibility, 

shown on the map in Figure 14, is that there is another thrust fault between outcrops C and D.  This would not be the 

main Clarry Hill thrust, but could be an imbricate splay or an out-of-sequence thrust that repeats the Clarry Hill 

thrust.  The first cross-section in Figure 15 shows this relationship.  Another possibility, shown on the map in Figure 

13, is that the Clarry Hill thrust is repeated by isoclinal folding.  This is shown in the second cross-section in Figure 

15, which illustrates that the thrust would be inverted on the short limb of the fold. 

 

8E.  Another low, rubbly outcrop of the Bucksport Formation, along strike from outcrop 8D, demonstrating its 

continuity as a mappable unit. 

 

8F.  The west end of the outcrop is bedded granofels of the Bucksport Formation intruded by granite and 

pegmatite dikes.  The eastern end of the outcrop is schist, so the Clarry Hill thrust would be mapped through this 

outcrop.  When last visited, this area of the outcrop was covered by vegetation, so was not exposed.  Along the   
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Figure 15.  Schematic cross-sections through map 14 from X to X' showing two alternatives to explain the 

thin belt of Bucksport Formation (Sb) with Clarry Hill Formation on both sides.  The section on the left 

matches the interpretation shown in Figure 14, in which the thin belt of Bucksport is repeated by a thrust 

that repeats the main Clarry Hill thrust (CHT) in a single westward-directed thrust event.  The section on 

the right shows an isoclinal fold in the thrust surface, also compatible with top-to-the-west shear.  Though 

schematic, the sections are proportional to map scale, with no vertical exaggeration intended. 

 

 

hillside to the southeast, however, there are closely-spaced outcrops that allow this contact to be traced to Robinson 

Road (Figure 13), including some outcrops that contain the contact.  In those places, nothing remarkable was noted 

at the contact, with schist resting directly on granofels. 

 

8G and 8H.  From the schist at the southeast end of outcrop 8F, walk north about 15 feet to 8G, a low outcrop 

of migmatitic schist, then another 35 feet to 8H.  PLEASE DO NOT HAMMER 8H.  There is a remarkable 

occurrence here of a fragment of Bucksport Formation embedded in migmatitic schist.  The granofels fragment is 

about half a meter long, the bedding is at a high angle to foliation in the surrounding migmatitic schist, the bedding 

is truncated at both ends against the schist, and the granofels is folded.  Migmatitic foliation in the schist is 

somewhat contorted.  We suggest that this block may have been incorporated tectonically near the base of the thrust 

sheet during motion on the Clarry Hill thrust.  This block is less than 10 meters structurally above the thrust contact.  

A thin dike of muscovite pegmatite with straight sharp contacts cuts cleanly through the edge of the outcrop, 

postdating the metamorphic fabric.  If this dike is related to the Waldoboro Granite, it would provide an age 

constraint on the deformation. 

 

29.3 Turn around and exit driveway. 

29.4 Turn R (east) onto Old Augusta Road. 

30.8 Cross power line. 

31.6 Manks Corner.  Turn R on Feylers Corner Road. 
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32.6 Right curve.  Passing the outcrop on right, but don't park here — it's simply too dangerous. 

32.7 Pull up to mailbox 184, just before Oak Ridge, and park well off the road to the right. 

 

STOP 9.  ULTRAMAFIC BODY APPARENTLY INTRUDING THE CLARRY HILL THRUST.  This 

unexpected occurrence of pyroxenite appears to intrude the Clarry Hill thrust, based on mapping in an area of better 

than average outcrop control (Figure 16).  The most intriguing rock is a reddish-brown weathering rock with very 

coarse othopyroxene grains over 1 cm across.  Veins and fibers of pale brown amphibole (anthophyllite?) are 

common.  Occasional pegmatitic patches contain coarse biotite.  Some poorly exposed outcrops to the southwest 

include pyroxene gabbro.  We know of no work that has been done on this body. 

 

Several small ultramafic bodies are known from the Cookson Group east of the Sennebec Pond fault (Gaudette, 

1981, e.g.), but the occurrence here is unusual in that it appears to intrude the Bucksport Formation. 

 

 

 
 

 

32.7 Return to cars.  Continue south on Feylers Corner Road. 

32.9 Turn L onto Castner Road at 3-way intersection. 

34.4 Stop sign.  Poor visibility; watch for traffic.  Turn L onto Union Road (route 235 N).  For the next mile the 

road follows the crest of the Waldoboro Moraine, a regionally mappable feature described by Stone (1899) 

who interpreted it as a stillstand of the ice margin during deglaciation. 

35.9 Benner Corner.  Continue straight on Route 235 N. 

36.2 Cross Warren town line.  Large gravel pit to east in glaciomarine fan deposits (Thompson, 2014). 

36.5 Whitney Corner.  Turn R (southeast) on Old Augusta Road. 

36.7 Gravel bankings along roadside. 

37.4 HUGE gravel pit to left (north), in complex glaciomarine esker/fan deposits overlain by till and marine 

clay.  Folds and thrust faults have been reported in these pits, caused by the glacier overriding ice-proximal 

deposits along an active ice margin (Smith, 1988). 

37.7 Stop sign.  White Oak Corner.  Turn R (south) onto Western Road. 

37.8 Beth's Farm Market.  Two single-occupancy rest rooms for emergencies. 

37.9 Right curve.  Slow down. 

38.0 Passing outcrop for Stop 10 on the right.  Do not stop here. 

38.1 Pull to the right, safely off the pavement and park.  DO NOT WALK IN THE ROAD.  Dangerous curve. 

  

Figure 16.  Geologic map of Stop 9.  For location, 

see Figure 1.  Symbols indicate foliation (black 

triangular barb), layering (double dip tick), dikes 

(double strike line), outcrop (dot), and float (open 

circle).  Units as shown on Figures 1 and 2, with 

the following additional units.  Mapping by Norton 

and others (in preparation). 
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STOP 10.  BUCKSPORT FORMATION.  Walk back along the side of the road to the large outcrop that 

comes down to the road.  Though not well lit in the woods, this is a large exposure of the Bucksport Formation 

offering a good opportunity to see the bedding thickness and style.  The Clarry Hill thrust is just to the north, and the 

Sennebec Pond fault is just to the east (Figure 17). 

 

 Return to cars.  PULL OUT WITH CAUTION and proceed south on Western Road.  

38.7 Views of North Pond to the right (west).  We are now east of the Sennebec Pond fault (Figure 17). 

39.3 Outcrops to left (east) on upslope.  Penobscot Formation. 

39.6 Turn L (north) on Middle Road. 

39.9 Left curve.  Slow down. 

40.0 Turn L into inactive logging area just past small water-filled quarry.  Park. 

 

STOP 11.  MARBLE AT THE BASE OF THE PENOBSCOT FORMATION.  Walk south around the 

curve past the quarry and enter woods to the southeast corner of the quarry.  This is one of several quarries in the 

Middle Road marble district.  The purpose of this stop is to see sulfidic schist and quartzite interbedded with marble, 

supporting the interpretation that the marble is in the Penobscot Formation.  Nearby outcrops of Megunticook 

Formation show that we are at or near the formation contact.  The distribution of marble quarries outlines map-scale 

folds (Figure 17).  We contend that the marble here correlates with the marble at Stop 3, even though the map 

relationships there are more disrupted by closely spaced faults (Figure 11). 

 

 Extricate yourself as elegantly as possible, and retrace the route south on Middle Road. 

40.4 Stop sign.  Poor visibility from the left.  Turn L onto Western Road. 

41.6 Stop sign.  Go straight across Route 90.  Still on Western Road. 

41.8 Warren village.  Pass obelisk.  Bear right. 

42.0 Bear right again. 

42.2 Stop sign.  Maritime Farms convenience store on the right.  Go straight, crossing U.S. Route 1.  Now on 

Depot Road. 

42.8 To the left (south), in the woods by the back corner of the field, is the Starrett quarry, a spodumene 

pegmatite locality described by Hess and others (1943).  (This site is on private property and is closed to 

mineral collecting.)  The pegmatite intrudes rocks of the Megunticook Formation. 

43.2 Continue straight across railroad tracks and park.  Do not block the dirt road along the lake shore or the 

boat launch.  This is South Pond. 

 

STOP 12.  MEGUNTICOOK FORMATION INTRUDED BY WALDOBORO GRANITE AT WARREN 

STATION.  We are now on the eastern side of the Sennebec Pond fault, southeast of where it is crosscut by the Late 

Devonian (368 ±2 Ma) Waldoboro Granite.  Although outcrop control is poor in the lowland area between North 

Pond and South Pond, there is enough outcrop to place the southern terminus of the fault approximately in the south 

end of North Pond (Figure 17).  The intrusive relationship of the Waldoboro Granite to the Bucksport Formation 

west of the fault is well established (Sidle, 1991).  The purpose of this stop is to demonstrate that the Waldoboro 

Granite also intrudes the Megunticook Formation east of the fault, and therefore it post-dates the fault. 

 

From the railroad track, walk up the right (east) side of the road about 30 feet.  Take a path to the right 

(southeast) across the ditch and up a small knoll.  Glacial geology note: Pavement outcrops in the trail 30 

feet from the road have two directions of glacial striations, the regional "big ice" direction toward 151, 

and a younger local ice flow direction of 114, possibly representing a readvance (Weddle, 2009).  For 

better bedrock exposure, continue about 60 feet up the path to larger, protruding outcrops to the left. 

 

12A.  The rock is medium gray, migmatitic, quartz-rich sillimanite-garnet-muscovite schist and quartz-biotite 

granofels of the Megunticook Formation.  The rock also contains coarse black tourmaline, which is probably related 

to intrusion of the Waldoboro Granite just below us and exposed in the railroad cut (12B). 

 

Return along path to the road.  Walk south along the railroad tracks about 125 feet to the railroad cut. 

 

12B.  Waldoboro Granite.  The most common rock type is a homogeneous, non-foliated, medium-grained 

muscovite granite, which is typical of the large pluton.  All the outcrops from here south along the lake shore are  
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Figure 17.  Geologic map showing stopw 10-12 at the southern termination of the Sennebec Pond fault.  The 

Waldoboro Granite (Dwg) intrudes bedrock units on both sides of the fault, bracketing the age of motion. 
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muscovite granite.  A quarry in this same rock type about 5 miles west of here will be visited Sunday on Trip C3 

(Whittaker and others, this volume, their Stop 5).  Other rock types here at Stop 12B include coarse-grained granite 

and pegmatite dikes. 

 

End of field trip stops. 

 

The road log continues to return to the Meeting Point at Moody's Diner. 

43.3 Drive back across the railroad tracks.  Take an immediate left (north), at the old station house, on Depot 

Road. 

43.9 Stop sign.  Turn L onto Stirling Road. 

44.1 Stop sign.  Turn L onto U.S. Route 1 South. 

44.3 - 44.5 View of South Pond to the left (south).  Now driving on Waldoboro Granite for many miles. 

47.7 Junction of Route 235, closing the loop for the day.  Continue straight. 

48.5 Moody's Diner on the left.  Return to meeting point. 

 

 The Welcoming Reception is at the Winter Street Center, corner of Washington St. and Winter St., Bath 

from 5:30 to 8 pm.  From Moody's Diner, head west on U.S. Route 1 South about 28 miles (40 minutes) to 

Bath.  Take the exit for Downtown Historic Bath, and head north on Washington Street. 
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INFLUENCE OF GEOLOGY ON CONTAMINANT MIGRATION AND REMEDIATION  
AT THREE SITES AT THE FORMER BRUNSWICK NAVAL AIR STATION 

 
By 

Chris Evans, CG, Maine Department of Environmental Protection, 17 State House Station, Augusta ME 04333 
Email address: gordon.c.evans@maine.gov 

 
INTRODUCTION 

This field trip will visit four locations at the former Brunswick Naval Air Station (NASB), now called (in part) 
Brunswick Landing. The four sites are a former ash landfill (Site 9), a large chlorinated solvent plume (the Eastern 
Plume), a former Explosive Ordinance Disposal (EOD) site (Site 12), and the groundwater treatment plant.  The 
plant is built on the location of Site 11, an important source area for the Eastern Plume (Figure 1).  Discussion 
during the trip will focus on how the geology and hydrogeology at each location influenced contaminant release and 
migration, and the subsequent remedial options that were implemented. Site 12 has been fully remediated and will 
be eligible for transfer to the Town of Brunswick in the future.  Site 9 and the Eastern Plume are still under 
investigation. Environmental investigations of interest will be highlighted, including geophysical methods, historic 
aerial photos and drilling/sampling techniques.   As of the writing of this guide Stop 1 is accessible. Stops 2, 3 and 4 
are currently controlled by the U.S. Navy and are not yet open to public access (Figure 1).  

 
The first use of this area as an airfield dates to the Second World War, when the base was used as a training 

facility for fighter pilots.  The former WWII airfield was reconfigured and renovated in the mid-1950s.  NASB 
operated until 2011, when the base was decommissioned as part of the 2005 base re-alignment and closure process. 
NASB supported several squadrons of P-3 Orion aircraft that flew missions as part of the Navy’s anti-submarine 
warfare operations.  The base covered approximately 3,094 acres and included hangers, offices, barracks, repair 
shops, recreational facilities and outdoor training areas.  Much of the developed portion of the base has been graded 
or filled to support the infrastructure. Topography elsewhere is characterized by low rolling hills and incised 
drainages (Tetra Tech 2015a). 

 
GENERAL GEOLOGY 

Geology at the base is dominated by a large sand plain, a regressive delta deposit that extends south from the 
Androscoggin River (Figure 2).  Dating of shells in formations below and at the fringes of the deposit indicate the 
formation was deposited approximately 12,000 years BP (Weddle, 2002).  This publication and the associated 
surficial geology map of the Brunswick quadrangle (Weddle, 2001) provide an excellent summary of the 
depositional timing and interaction of isostatic sea level changes and changes in flow in the Androscoggin River. 
Surface soils generally consist of fine to medium sands, that grade to finer sand and silt deposits overlying blue to 
black clay. Fine to medium sand deposits across the NASB have been logged in borings from less than 10 feet deep 
up to 60 feet deep. Ground-penetrating radar (GPR) transects completed in the northern area of the base revealed 
topsets, and sloping foreset beds (Crider, 1998).  Surface deposits in the developed portion of the base were 
extensively reworked during the major construction activities in the 1950s.  Drainage features were filled and Mere 
Brook was culverted under the runways.  The lidar imagery for NASB (Figure 3) highlights the extensive grading 
and filling, the steeply incised drainages, and bedrock ridges that bound the former base.  

 
Bedrock of the Cape Elizabeth and Cushing Formations underlies the sand, silt and clay deposits (Osberg, 

1985).  The northeast – southwest trend of surface and sub-surface bedrock in the NASB area is evident in the lidar 
image (Figure 3).  In at least three areas in the southeastern portion of the base, bedrock is shallow with only a thin 
veneer of sands or till.  East of Mere Brook and Merriconeag Stream a bedrock ridge hydraulically bounds the site, 
and the limits of the sand plain deposit.  
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Figure 1 – location map and Figure 2 – Detail of the Maine Geological Survey 2001 surficial geology map of the 
Brunswick Quadrangle showing primary surface units associated with the delta deposits across the area.  
 

Groundwater across the developed portion of the sand plain flows primarily south and east. A groundwater 
divide cuts across the north end of the former base, approximately in line with the north end of the runways, with 
flow from that portion of NASB north toward the Androscoggin River.  Depth to groundwater is typically 5 to 15 
feet below ground surface (bgs), and unconfined in the upper sands and silt deposits. To the east confined conditions 
are common where silt and clay are interbedded with sands near the surface of the marine clay. 

 
SITE 9/MEETING LOCATION 

The initial meeting place and Stop 1 is an ash landfill site known as Site 9. Due to demolition of structures and a 
large removal action, there is little evidence of the waste disposal or site features from that time period. Geologic 
features are also obscured. The main objectives at this location are: (1) to orient to the former base and illustrate how 
careful delineation through borings, geophysics or other methods is not always a predictor for excavation findings, 
and (2) note the importance of a former drainage channel to past disposal and current groundwater flow patterns. 
Soils at the site consist of fine – medium sands, with lenses of ash and fill, over silt or silt and clay at depths of 20 – 
40 feet, deepest in the former drainage. Groundwater generally flows south-southeast toward the stormwater ponds 
(Figure 4). An incinerator was likely in operation at Site 9 from approximately 1943 to 1953. Ash and other wastes 
were reportedly used to fill a dump located in the open grassed area at Stop 1 (Tetra Tech 2015a). Additional filling 
of the property was completed to support construction of barracks buildings (Figure 5).  

 
The site was identified in the 1980s and the focus has mainly been the impact of buried waste material on 

groundwater quality. In 2006-2008 the Navy implemented a removal action to address the ash and other wastes 
delineated during initial characterization of the site, with a goal of eliminating the source of residual VOCs and 
metals impacting groundwater at the site.  At the time of the removal action more ash and fill was encountered than 
anticipated and soil volumes requiring disposal were higher than expected. In addition, the barracks foundations 
were still in place, and had to be removed to reach the ash (Figure 6).  The excavation was expanded spatially and 
vertically to a depth of 20 feet bgs, (Figure 7) and eventually 42,355 tons of soil and ash were removed (Tetra Tech 
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2015a).   After the removal greater focus was placed on defining the extent of ash and the former drainage channel. 
The lidar image for Site 9 (Figure 8) was collected during the removal and shows the excavations and stockpiled  

  
Figure 3. Lidar imagery for the NASB area.  
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Figure 4. Interpreted groundwater flow at Site 9, 
from long-term monitoring report (Watermark 
Environmental, 2015) 

Figure 5. This image is a 1958 aerial showing the barracks 
that were constructed over the filled channel. 
 

 
 

 

 

 
  
Figure 6. Foundations of former barracks building 
209, second from the right in the 1958 photo.  

Figure 7. Excavation near barracks Building 209, at 20 
feet bgs still encountering waste/ash, as well as clay 
surface. 
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soil. Borings in line with the existing drainage and beyond the excavation limits have encountered a dark organic 
layer interpreted to be the former ground surface in the filled channel.  
 

 

Figure 8. A zoom in on the lidar image 
for Site 9, which coincidentally was 
collected at the time of the soil 
excavation. The orientation of the 
excavation and the natural drainage to 
the south clearly show how the ash and 
other wastes were filled into the 
channel when it extended to the 
northwest. 

 
The Site 9 removal action did not fully accomplish its objective.  Groundwater impacts persist, and a long-term 

monitoring program is in place.  Near Neptune Drive, based on boring logs, fine to medium sands are present from 
the ground surface to depths of 30 to 40 feet bgs before silt or clay are encountered.   Residual VOCs are still 
detected near the top of the clay surface.  Two wells (MW-09-003 near the southern extent of the excavation, and 
MW-09-076A near the existing drainage (Figure 4)) are screened in the deepest interbedded sands, and still have 
detections of volatile organic compounds (VOCs).  VOCs are frequently difficult to remediate in groundwater in 
finer-grained portions of an aquifer.  
 

EASTERN PLUME (EP) - STOP 2 
 

The EP is a large groundwater plume with multiple sources. The primary source is Site 11, a former fire training 
area located at Stop 4.  Other sources include two storage and disposal sites located across the road.  The plume 
extends over a half-mile in length, bounded to the west by Major Pope Ave (formerly Ordinance Road), and to the 
east by the surface water channels.  The northern extent of the plume is west of Picnic Pond.  The southern boundary 
is in the vicinity of Liberty Crossing.  The plume has been the focus of multiple investigations since the mid-1990s, 
when the original groundwater extraction and treatment system (GWETS) was installed.  General groundwater flow 
within the plume is southeast, with shallow flow controlled by the surface water channels (Figure 9).  

 
The plume is predominantly located in the silts/sands of the sand plain at its eastern margin.  To simplify 

development of conceptual models at the EP and elsewhere at the base the overburden has been described generally 
as Upper Sand (fine-medium sand, typically tan), Transition Unit (interbedded fine sand and silt or silty clay, 
typically gray), Lower Sand (a fine-medium gray sand unit often found within the transition unit, near the marine 
clay), and Clay (blue-gray often massive clay commonly called the Presumpscot).  Figure 10 shows a cross-section 
and an electrical conductivity log from the EP with those units correlated to the logs.  Many of the soil and 
conductivity logs from environmental work at NASB reference these general units, which have been useful for 
describing where contamination is present and what units will be targeted for sampling or well screen placement.  

 
Locations where fuels or solvents containing volatile organic compounds (VOCs) were released during historic 

base operations often show no impacts to shallow groundwater in the Upper Sand.  Groundwater contamination (if 
detected) is frequently found in deeper Transition or Lower Sands. An exception is an emerging contaminant class 
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of perfluorinated compounds known as PFCs (a subset of perfluoroalkyl substances or PFAS).  PFAS are present in 
shallow and deep groundwater in many of the developed areas of the property, and in the EP.  PFAS are found in 
numerous consumer products and manufacturing applications, and also found in older military-spec fire-fighting 
foams.  PFAS are still being delineated at NASB, and their presence in groundwater has complicated remediation 
efforts. Their toxicology is still being studied.   Some of them are bio-accumulative and persistent in the 
 

 

 environment. USEPA has issued 
drinking water health advisory 
criteria for two PFAS compounds, 
perfluorooctanoic acid (PFOA) and 
perfluorooctane sulfonate (PFOS), 
at 70 ng/L. 
 

The confluence area (Figure 
11) has been a focal point for 
groundwater extraction and 
treatment since the mid-1990s 
when the GWETS was first 
installed.  Over the last decade 
continuing investigation and 
modeling confirmed that the 
highest residual VOCs were present 
in depressions in the clay surface 
and in locations adjacent the 
streams.  This is supported by 
chemical data from porewater and 
monitoring wells near the streams.  
To target these “hot-spots” and 
increase the efficiency of the 
GWETS, three new extraction wells 
were installed to target groundwater 
that was not being intersected by 
the original system. 

Figure 9. Groundwater flow across the Eastern Plume, modified from 
Watermark Environmental, 2015. 

 

 
Electrical conductivity logging has been a valuable exploration method, based on its ability to delineate discrete 

zones in the subsurface stratigraphy at high resolution.  To be accurately interpreted, it needs to be correlated on a 
site-specific basis to a full soil core to confirm the interpretation of the EC probe versus soil stratigraphy.  The cross-
section in Figure 10 shows a profile from near Major Pope Ave, relatively close to the source areas for the plume, to 
the confluence area.   At the western margin of the plume, the sand units represent a large portion of the profile, and 
extend to depths of 80 feet, typical for several areas across the center of the sand plain and NASB.  The lack of 
significant confining layers closer to the central portion of the sand plain allowed VOCs to migrate to the deepest 
portions of the aquifer in the Lower Sand (LS).  Closer to stream the LS pinches out and groundwater in sand units 
near the clay surface is confined.  Water level gauging of well triplets near the brook indicates that vertical gradients 
are upward, with some deep screen zones being artesian.  These hydraulic conditions result in plume discharge to 
the stream channel. 

 
Investigation of the plume discharge to the streams has been evaluated for many years through testing of seeps, 

porewater and surface water samples.  Porewater surveys of Mere Brook and Merriconeag Stream in 2005 and 2008  
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revealed numerous locations along the 
eastern length of the plume where VOCs 
were present in shallow groundwater at 
depths of about 18 inches.  To refine the 
distribution and potential risk from this 
discharge piezometers were installed at 
depths ranging from 5-10 feet bgs to 2-8 
inches below the bed of the stream. Soils 
at 5-10 feet are mapped as Transition, a 
mix of interbedded silt, clay and sand, 
deposited at at the fringe of the sand plain.  
Shallow sediment in the streams is noted 
as Upper Sand, but is more appropriately 
called alluvium (Figure 12 and AGVIQ 
2011).  VOCs are distributed as expected, 
with the highest values in the deeper strata 
and decreasing in the shallow porewater.  
 
 
 
 
 
 
 
 
Figure 11. Topographic view of the 
confluence area and Stop 2 access, with 
sample locations noted. Several of the 
monitoring wells and probe locations 
used for Figure 10 are circled for 
reference.  
 

 

 
Figure 12. Depiction of shallow groundwater-porewater sample program. Greatest VOC concentrations typically 
detected in the deeper piezometers, with decreasing concentrations in the upper 24 inches before intersection with 
the surface water. 
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SITE 12 EXPLOSIVE ORDINANCE DISPOSAL AREA – STOP 3 

Site 12 is located beyond the extent of the sand plain and is situated between ridges of schist (identified as the 
Cape Elizabeth formation) with pegmatite sills identified in some of the steeper slopes. Bedrock exposures are 
common across the site.  Soil logged in borings and test pits was a mix of sand, silt and gravel (probable fill) over 
clay.  Clay was encountered at two to four feet bgs, and bedrock at four to ten feet bgs under the clay.  A fracture 
trace study was completed in 2012 to support installation of monitoring wells, identifying two major orientations for 
features at the site.  Planar features (schistosity) are oriented northeast-southwest, in line with photo-linears and the 
larger ridge orientation at NASB, and dip southeast.  Joints primarily strike west-northwest, with multiple dip 
directions (Tetra Tech 2015b).   These results are similar to an earlier study completed in 2003 by Gannet-Fleming, 
supported in the field by Art Hussey.  Surface water drains northwest out of the pond during high water events and 
to the west from the central portion of the site. 

 
Site 12 was a munitions disposal site that operated from 1980 to 2004, primarily for disposal of small quantities 

of ordinance associated with operation of the Navy squadrons and the marines stationed at the base. Multiple 
historic berms were located across the central portion of the site during the years of operation, which were used to 
shield the demolition activities. The lidar image (Figure 13) for the site shows the last berm configuration prior to 
closure. To make the site safe and address potential environmental concerns there were multiple phases of work. A 
series of geophysical studies were conducted using hand-held and towed instruments to clear the surface soil of any 
munition items that could pose a risk, and to identify buried items. Methods included ferrous and “all-metal” 
detectors, and time-domain electromagnetic induction surveys (EM-61) (Tetra Tech 2015b).   Side-scan sonar was 
completed on the pond by boat, and then the sediment was cleared by EM-61. The geophysical surveys revealed 
large amounts of metal in the subsurface. There was some evidence of landfilling in the form of concrete rubble and 
other materials at the surface.   The extent of disposal was a challenge for the munitions clearance, 
 

 

because the geophysical data do not 
distinguish munitions from rebar, culverts 
and other debris.  Excavation involved 
special precautions such as a blast shield for 
the excavator, and some large inert 
munitions were recovered (Figure 14). A 
large percentage of items removed based on 
the geophysics were culverts, rebar and 
other metal debris (USA Environmental, 
2015). 
 

Based on the explosives use and 
landfilling, and the shallow bedrock, 
bedrock groundwater was considered at risk. 
Three wells were drilled in the central 
portion of the site (Figure 15), targeting the 
most likely positions to intercept explosives 
constituents or other contamination 
associated with the landfilling activities. 
Groundwater elevation data showed 
elevations were very close to the level of the 
pond, and in the central portion of Site 12 
near the berm areas, data indicate that 
vertical gradients are slightly upward 
 
Figure 13. Lidar for Site 12, last berm is 
visible in central site. Note also the rounded 
south-facing slope of fill compared to the 
much “rougher” south bedrock slopes north 
of the site. 
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Figure 14. Photos from the munitions 
clearance at Site 12, from left, clockwise: a 
blast shield for the excavator,  the EM-61 
sled used to clear the pond sediments, and an 
inert torpedo. (photos from USA 
Environmental, 2015) 

 
 
 

 

 in the bedrock.  Water level measurements taken 
when the pond was drained for munitions clearance 
indicate some connection between the pond water 
and bedrock groundwater.  These factors in 
combination with the lack of contaminant 
detections in the groundwater supported the 
conclusion that despite the EOD operations and 
landfilling, there were no groundwater 
contamination concerns at the site. 

 
 
 
 
 
 
 
 
 
 
 
Figure 15. Digital geophysical modeling composite 
of metal anomalies detected in soil and sediment at 
the site. Large reflectors are masses of metal debris 
buried in fill at the site. 
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GROUNDWATER EXTRACTION AND TREATMENT SYSTEM (GWETS) - STOP 4 

The GWETS is built at the site of one of the three identified sources for the Eastern Plume, the former fire 
training area known as Site 11 (Figure 16).  The treatment system has operated since 1995 and discharges treated 
water to an infiltration gallery to the east of the plant.  The treatment train is currently an oxidation (HiPOx) unit 
followed by two activated carbon vessels.  A third vessel may be added to improve the ability to detect and respond 
to breakthrough without shutting the system down.  The oxidation involves treatment with a mixture of hydrogen 
peroxide and ozone (Tetra Tech 2015a).   The system is receiving water from six extraction wells and treats over 
two million gallons of water per month for VOCs, 1,4 dioxane and PFCs (Watermark, 2016b).   The infiltration 
gallery is situated directly over the former training area.  Remediation of Site 11 was completed in the early 1990s, 
when a large volume of soil and waste was removed and placed in the hazardous waste landfill located southeast of 
the runways. 
 

 

Figure 16. Aerial photo of Site 11- Fire Training Area and the GWETS site, 1958 on left and 2015 on right.  

 

ROAD LOG 

Stop 1. UTM Coordinates : X(425360.0886), Y(4860379.8268) Site 9 and the initial meeting point is a parking area 
in the central portion of the former base now called Brunswick Landing.  From Cooks Corner, proceed west to the 
Brunswick Landing entrance and follow Admiral Fitch Avenue to intersection with Orion Street.  Turn left and 
travel about ¼ mile to the meeting point and Stop 1.  Site is currently open and grass covered.  The remnant of the 
former incised surface water drainage can be seen across Neptune Drive.  Most of the storm water from the 
developed portion of the airfield and Brunswick Landing flows to the ponds south of Neptune Drive.  Access to 
view the ponds is limited now that individual businesses are operating in the buildings south of Site 9. 

From Stop 1, road names are from Google Earth, some maps still show names from era of the active base. 
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0.0  Proceed south on Orion Street 
0.25 Turn left on Purinton Road 
0.53 Turn right on Major Pope Ave 
0.8 Turn left on dirt access road to gates.  Park inside gated area, overflow outside gate or after second gate 
~1.0 Approximately 0.2 miles to walk the access road to the slope above the surface water floodplain 
 
Stop 2. Eastern Plume Confluence. Stop 2 is a dirt access road that travels west to east, originally to provide 
access to a cemetery and used in recent years as an access point to sample points for the Eastern Plume.  This short 
traverse travels from the central portion of the plume to discharge points along Mere Brook and Merriconeag 
Stream.  The primary geologic features are several obvious seeps along the embankments that lie at the edge of the 
sand plain deposit where it borders a bedrock ridge east of  NASB.  The dirt access road passes several of the 
extraction wells currently pumping water to the treatment plant located on Purinton Road (final optional stop).   If 
conditions are favorable seeps are easily located along the banks of the brook, and multiple monitoring well groups 
are located here.  
 
Also located in the confluence area is the Gatchell Cemetery, which dates back to the mid-1700s.  Reportedly up to 
200 graves may be located in its vicinity (http://www.rootsweb.ancestry.com/~mebrucem/cem9.html ).  Please be 
respectful if you take a walk through, and note that many graves are only marked by a foot stone rather than a 
headstone. 
 
Return to vehicles and turn left on Major Pope Ave 
1.3 Turn left on Ordinance Road, bear left to pass the Reserve Center, pass through gate 
1.9 Bear left up unmarked road 
2.1 Turn sharp left up dirt access road across from closed former storage bunker 
2.3 Park in dirt access road near second gate. The dirt access loop road visible on aerial photography is 

currently not maintained and is overgrown.  
 
Stop 3. Site 12 former munitions disposal site. There is parking at the site for several vehicles.  Overflow space is 
available near the bunker on the paved access road. This property is planned for transfer to the town of Brunswick, 
but it will still be Navy property at the time of the field trip. As the site has not been maintained for over a year, 
access to the monitoring wells may be limited by heavy brush.  
 
To the north an access loop road climbs a short slope to an open hill where the group can look down over the site. 
Although not a focus of this trip, there is access to ledges of the Cape Elizabeth Formation along this road.  The 
excavated and restored central berm area is directly below the slope and road.  Based on geophysical investigations 
at the site much of the slope is either part of the bedrock ridge or is comprised of demolition debris, concrete, metal 
and other solid fill.  Based on the history of munitions disposal, no digging is allowed at the site.  However a full 
surface clearance has been completed to allow safe access for recreation and other non-invasive purposes.  If 
accessible there are also good bedrock exposures along the pond’s east side.  The site is located between bedrock 
ridges of the Cape Elizabeth Fm, with only a thin veneer of sand, silt and clay except where Navy filled the site. 
This is in contrast to the deep strata at the sand plain locations, where there was potential for groundwater 
contamination to spread in the overburden. 
 
Return to vehicles and reverse route, optionally the paved access road is a loop around the former bunkers, and 

returns to the turn at 2.1 miles  
2.6 turn right on paved access road 
2.8 bear right at merge with loop 
3.3 turn right on Major Pope Ave 
4.0 Turn left on Purinton Road 
4.2 enter parking lot at Building 50, Stop 4 and the GWETS. This stop will be the break between the morning 

and afternoon trips, those who wish can get a tour of the treatment plant, ask further questions, or move on 
to the next trip! 
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STREAM MORPHOLOGY AND WATER QUALITY IN A DENSELY DEVELOPED WATERSHED, 

TOPSHAM FAIR MALL, MAINE 

 

By 

 

John Hopeck, Ph.D., Bureau of Water Quality, Maine Department of Environmental Protection 

17 State House Station, Augusta, Maine 04333.    john.t.hopeck@maine.gov 

 

GENERAL GEOLOGY AND BACKGROUND 

 

This trip will survey the hydrologic alterations to a small stream in a densely developed watershed, and compare 

some characteristics of this watershed to a less densely developed, adjacent watershed with fewer restrictions on 

streamflow and less alteration of cover.  The surficial geology in both watersheds is similar, with nearshore sands of 

the Presumpscot Formation dominating the upper sections, and increasing amounts of alluvial material along the 

streams as one progresses downstream, as shown in Figure 1.  These sands are generally fine to medium grained, 

and provide substantial storage of relatively cold water for streams in this area during the summer and early fall.  

Streams are typically deeply incised, with steep and fairly loose banks, and relatively narrow floodplains, and 

frequently have eroded down to more resistant strata, in this area commonly either a basal till or silty deposits of the 

Presumpscot Formation. The flat surfaces provided by many of these marine sand plains have proven to be good 

locations for development, due their generally good drainage, ease of excavation, and favorable topography.  

However, these characteristics also increase the potential for impacts on groundwater quality and changes in the 

runoff/recharge ratio in the area that can adversely affect stream functions and values.  Development in the 

watershed also increases the potential for alteration of the channel, as the dense development and deep drainages can 

require significant construction and use of fill for stream crossings (See Figure 2). 

 

We will examine conditions at five out of the seven principal restrictions on streamflow along the 

approximately 1.2 mile (1.9 km) length of this stream.  We will be proceeding generally from upstream to 

downstream, and measuring specific conductance and temperature in the main stem and tributaries as we proceed.  

Because of recent dry conditions and dense vegetation in some places along the main channel and tributaries, it may 

not be possible to access or collect data at all locations, but participants are invited to bring any portable meters or 

other equipment to examine the condition of the stream under low-flow conditions.  Because we will be walking in 

fairly active parking lots and along busy roads, participants might want to bring safety vests or other high-visibility 

clothing. 

 

SURFACE WATER CLASSIFICATION AND IMPARED STREAMS 

 

Maine’s Water Classification Program (38 MRS Article 4-A § 467-469), pursuant to requirements of the Clean 

Water Act, establishes water quality goals for all state surface waters and groundwater.  Table 1 summarizes the 

major elements of surface water classification in Maine statute. The Maine Department of Environmental Protection 

conducts regular surveys of the physical, chemical, and biological condition of surface waters in order to determine 

whether or not those water bodies meet the criteria required for the classification they are assigned under the Water 

Classification Program.  In the event that monitoring shows that the physical, chemical, and biological conditions 

are better than the requirements for the assigned classification, the classification waterbody could be upgraded if 

approved by the Legislature.  If this monitoring demonstrates that a waterbody does not meet the criteria required for 

its class, it is considered an impaired waterbody and is listed as required by Section 303(d) of the Clean Water Act, 

and measures must be taken to improve water quality.  In general, these measures may include elimination or 

improved treatment of point discharges, but, where water quality is adversely impacted by non-point discharges, 

measures to improve water quality are more complex and may require cooperation among many landowners and 

stakeholders in the watershed, resulting in, among other outcomes, development of a Watershed-Based Plan for 

management of water quality improvements.  In the case of this stream, the watershed-based plan is described by FB 

Environmental (2014), and currently includes assessment of the causes of impairment and development of 

restoration and implementation measures, and criteria for measuring success of the implementation measures.  This 

2014 plan “has an immediate time horizon of four years, with further implementation to be developed following an 

adaptive management approach” (FB Environmental, 2014, p. v) and the time line to implement all elements of the 

restoration plan is estimated as ten-to-fifteen years; relevant elements of the plan will be discussed in more detail in 

the field. 
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Figure 1: Portion of the Brunswick 7.5-minute Surficial Geology Map (Weddle, 2002) showing the area of the 

Topsham Fair Mall Stream.  The area shown is slightly over one kilometer in width.  Ptd: Pleistocene thin drift; 

Pmn: Pleistocene nearshore deposits; Pa: Pleistocene braided stream alluvium; Ha: Holocene alluvium; af: artificial 

fill. 

86



 HOPECK A4-17 

 

Figure 2: Aerial photography and LIDAR imagery of the site, covering the same general area as Figure 1, and 

showing the density of development and locations of stops on this trip. 

 

Many surface waters in developed areas of Maine show impairment of water quality and macroinvertebrate 

populations due to hydrologic alteration, increased sediment loading, and elevated chloride concentrations 

(Danielson et al., 2016).  On this trip we will have the opportunity to see and discuss examples of most or all of 

these types of stream degradation. Hydrologic alterations include not only changes to stream channels by 

straightening and filling of the channel, but also result from restrictions to flow, changes to floodplains, and 

increased peak flows and longer duration of high flows that result from changes to cover type in the watershed.  

Increased sediment loads result from scour in the stream channel and natural and artificial contributing drainages 

(See Figure 3 A and B), and also from winter sand and erosion from construction sites and other disturbed areas.  

Elevated chloride concentrations occur in spring runoff, but the adverse effects of these high chloride levels in the 

spring may be reduced by the high volume of spring flows.  Data collected by the Department from several 

watersheds in Maine indicate that storage of high-chloride concentration waters in sandy fill and sandy overburden, 

and intentional infiltration of stormwater runoff in thicker sand and gravel deposits, may have more significant 

impacts on surface waters during low-flow conditions, when macroinvertebrates and other species are exposed to 

much less diluted chloride concentrations from baseflow. Groundwater quality downgradient of several infiltration 

facilities routinely exceeds the chloride drinking water standard and frequently approaches or exceeds the chronic 

water quality criterion (Maine Department of Environmental Protection, unpub. data; Hopeck, 1996; Hopeck and 

Holden, 2014), and shows depression of dissolved oxygen concentrations compared to upgradient groundwater, 

indicating that infiltration of runoff from developed areas with large impervious surface may not be appropriate if 

the intention of infiltration is to support low-flow conditions. 
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Table 1: Maine’s tiered narrative, aquatic life, and habitat criteria and numeric dissolved oxygen and bacteria criteria 

for rivers and streams; USEPA-adopted aquatic life criteria for toxic substances apply to all classes (modified from 

Davies et al., 2016). 
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Figure 3: 3A: Scour at outlet of stormwater drainage; 3B: additional erosion and deposition of sediment downstream 

of the outlet shown in 3A.  Note the rock washed out of the plunge pool at the outlet scattered down slope toward 

and in the eroded channel, suggesting that the outlet may be experiencing higher flows than anticipated in the 

design.  Main channel of Topsham Fair Mall Stream is visible in the background. 

 

Use of infiltration at the Topsham Fair Mall is limited by the relatively fine sands in many areas, particularly 

toward the southern end of the site (Maine Department of Environmental Protection, unpublished data).  One 

attempt to manage infiltration and chloride at this side was employed at the Home Depot, which directs roof runoff 

to four large slow-rate infiltration wells, but diverts parking lot runoff to a wet pond that discharges to the stream.  

Even in the absence of direct infiltration, however, the amount of incidental infiltration and leakage or other 

discharges from the stormwater system to groundwater in the subsurface may be significant.  The importance of 

baseflow and stream hydrology and morphology to maintenance of surface water classification, and the potential for 

adverse impacts on groundwater quality and baseflow from developed areas, even in the absence of localized 

subsurface discharges, has become increasingly obvious in Maine, and Maine DEP geologists have played a 

progressively larger role in assessment of surface water quality. 

 

Terrain conductivity surveys conducted  by Maine DEP have identified areas of elevated conductivity on the 

west side of the stream that are not clearly associated with the stormwater system but may be related to elevated 

specific conductance readings observed in the stream under low-flow conditions.  Specific conductance profiles of 

the stream from Route 196 to Topsham Fair Mall Road show very localized increases and decreases in specific 

conductance (See, for example, Figure 4).  Most, but not all, decreases in specific conductance appear to be 

associated with tributaries to the stream, while localized increases appear to relate to loci of high-conductivity 

baseflow discharge.  Increases in temperature generally reflect ponding upgradient of flow restrictions at the major 

crossings, while decreases are related to tributaries or local increases in baseflow. 

A B 
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Figure 4: Longitudinal specific conductance profile of Topsham Fair Mall Stream; Station 0 is the most upgradient 

accessible location; Station 61 is near the upgradient end of the culvert seen at Stop 4.  Data collected by Maine 

DEP in Spring 2016. The data suggest that inputs of baseflow with elevated specific conductance, considered to 

indicate elevated chloride concentrations, occur over two relatively distinct reaches of the stream.  Temperature 

increases appear to be associated with exposure of the main branch and tributaries in areas of lower vegetation and 

ponding upstream of restrictions in the channel. 

 

ACKNOWLEDGMENTS 

 

Thanks to Kristin Feindel and Wendy Garland of the Bureau of Water Quality, Maine Department of 
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ROAD LOG 

 

Meet at 1:00 p.m. in the Hannaford parking lot near the intersection of Topsham Fair Mall Road and Monument 

Place (south of the Wendy’s).  There should be plenty of parking in the main lot near Topsham Fair Mall Road.  We 

will walk down Monument Place to the first road crossing of the stream south of Route 196. 

 

STOP 1.  Stop 1 provides a general overview of the upper portion of the site, and, due to the low vegetation, is 

a good place to compare conditions upstream and downstream of this first major channel restriction south of Route 

196.  Prior to surfacing on the upstream side of this crossing, the stream travels through a long culvert under Route 

196 after passing through an industrial area on the north side of the road.  Historic monitoring date in Department 

files show elevated specific conductance in the stream but relatively low to moderate values of this parameter in 

groundwater within the industrial site.  The headwaters of the stream are in an area bounded by this industrial site, 

Interstate 295, and Route 201.  As shown in Figure 4, specific conductance in the stream is clearly elevated even 

before it enters the section of the watershed downgradient of the mall and associated development.  If there is 

sufficient water in the channel, we will collect specific conductance and temperature data in the stream upgradient 

and downgradient of the crossing; Department geologists have shown (Maine DEP, unpub. data) that specific 

conductance in streams is often significantly elevated downgradient of road crossings even in late summer and 

autumn, hypothetically due, at least in part, to storage of dissolved salt in the fill.  This has not been clearly 

demonstrated at this site, however. 

 

Return to vehicles and proceed to Stop 2. 
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 HOPECK A4-21 

 

 

Figure 5: View looking south from approximate location of Stop 1, showing wetland developed in sediment 

deposited upstream of Park Drive crossing.  Midway Drive crossing is visible in background.  We will walk down 

the powerline beyond Midway Drive to the main stream and some tributaries draining the western half of the site 

and areas adjacent to the highway as part of Stop 3. 

 

(Note: Due to the short distances between stops, and the amount of unloggable distance we will be driving 

in parking lots, it is likely that odometer-measured distances will vary from the rounded measurements 

shown here, and the distances given are between stops on main roads (such as entrances and exits for 

parking lots) only; no cumulative distance is given because distances driven within parking lots will be 

significant compared to the length of the trip. The stops are close enough, however, that there is little 

danger of losing the trip route.) 

 

0.0 Turn right out of the Hannaford lot and proceed to the intersection with Midway Drive. 

0.1 Turn left onto Midway Drive (toward Home Depot).  Proceed to the Home Depot parking lot.  

0.4 Take the first left into the parking lot and park in spaces close to Midway Drive. 
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STOP 2.  At this stop we will examine the stormwater quality and quantity control pond for the Home Depot, 

and review the design and function of the injection wells and the water-quality rationale for separating roof runoff 

from parking lot and roadway runoff.  We will then proceed down the outlet channel from the detention/ retention 

pond to the main stem of the stream, considering the stability of the outlet control structure and outlet channel, and 

the confluence of the outlet channel and the stream. 

 

0.0 Return to vehicles and leave the parking lot, turning left to continue on south on Midway Drive. 

0.2 Turn right onto Topsham Fair Mall Road. 

0.5 Turn left into parking lot; park in areas near Panera Bread. 

 

STOP 3.  From this parking lot, walk southwest along Topsham Fair Mall drive to examine tributary streams to 

the main stem, which drain the area adjacent to the highway and along the west side of the development.  Specific 

conductance in these streams is usually lower than the values of this parameter obtained from the main stream on the 

same date, and we will compare these values on the day of the trip. Return to the parking lot exit and cross Topsham 

Fair Mall Road and walk across the undeveloped (at the date of writing) lot toward the powerline. Find one of the 

small trails that will lead south and down toward the tributary stream.  We will discuss the morphology and water 

quality of this tributary and follow it toward the main channel; we should reach the main channel upstream of the 

Home Depot pond outlet.  Walk downstream along the stream and examine changes in stream morphology and 

bottom sediment.  Some sections of the channel bottom along this reach are pebbly, and this may indicate the 

presence of till at or near the stream bed. This may, in turn, relate to elevated specific conductance values sometimes 

obtained in this area, if the till layer is acting to force more chloride-rich groundwater to the surface.  The 

Department has collected available geotechnical data from the developments throughout the watershed, and is 

attempting to develop a better understanding of the subsurface controls on water quality and quantity in the 

watershed; preliminary results of this analysis may be available for discussion by the date of this trip. Proceeding 

downstream, it should be possible to observe the gradual changes resulting from accumulation of sediment and 

restriction of flow behind the Topsham Fair Mall Road crossing (Figure 5).  Conditions permitting, we will walk to 

this crossing to consider conditions there and possible alternate designs, and then return to the road and the vehicles 

by the most convenient route. 

 

0.0 Return to vehicles and exit the parking lot, turning right onto Topsham Fair Mall Road. 

0.3 Turn right into Target parking lot and park in the southeast corner (the closest corner) of the lot. 

 

STOP 4.  From here descend along the embankment adjacent to the road crossing, and walk downstream.  We 

will examine the significant change in morphology at this location, shown in Figure 6, compared to the upstream 

side of the crossing, and will again be considering the gradual changes in the floodplain and channel due the 

restriction at the railroad culvert at the end of this reach.  This railroad culvert was installed many years before the 

present development, and the morphology of the floodplain that resulted from this restriction is now being altered by 

the more recent changes to the stream hydrograph and floodplain.  Sections of this reach are now relatively deeply 

incised into floodplain sediment accumulated upstream of the railroad culvert (Figure 7), and Field (2013) describes 

tree stumps and roots buried in this material that are now exposed in the channel bottom as a result of the more 

recent scour.  We will proceed downstream as far as possible given time and conditions; this section of the 

floodplain is often difficult to traverse due to wet conditions and accumulated vegetation, particularly downstream 

of the outfall from the Target detention/retention pond.  Return to the Target parking lot and the vehicles by 

climbing the slope adjacent to this outfall, considering the stability and water quality impacts of this structure as you 

proceed. 
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Figure 5:  Wide floodplain sediment deposits at end of the reach of stream explored on Stop 3.  Note lack of clearly 

defined channel and impact on vegetation. 

 

 

Figure 6: Culvert outlet at opposite end of the crossing seen in Figure 5; note definite channel and rocky substrate. 

93



A4-24 HOPECK 

 

Figure 7: Incised channel typical of most of the main stem of stream in the area of Stop 4.  Field (2013) describes 

tree stumps and roots exposed in this channel as evidence of sediment deposition upstream of a narrow railroad 

culvert at the downstream end of this reach and more recent erosion due to changes in flow volume and velocity. 

 

 

0.0 Return to vehicles and exit parking lot, turning right onto Topsham Fair Mall Road. 

0.6 Turn right onto Winter Street, which becomes River Road.  Proceed along this road approximately 0.4 

miles, crossing railroad tracks and another small stream, to where the road crosses Topsham Fair Mall 

Stream.  The road is narrow and sight distances are poor, so safe parking spaces at the stream crossing may 

be difficult to find.  We will be backtracking to the small stream east of Topsham Fair Mall Stream, so if 

you see a safe parking space in that area, you might want to take it. 

 

Stop 5.  The culverts at this stop are the last restriction in the floodplain before the stream reaches the 

Androscoggin River.  Note the unusual arrangement of the culverts, installed relatively recently to manage high 

flows and reduce the risk of road washouts.  It is generally difficult to walk very far upstream from this point, due to 

wet soils and dense vegetation, but we can compare the condition of the stream at this crossing to the smaller stream 

immediately to the east, that we crossed to reach this stop. We will also compare water quality data at the two 

locations. 
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INTRODUCTION 
 

Ongoing and impending climate changes have raised great concern for Maine’s coastline. Although flooding of 
most of the high-relief rocky coast of Maine by rising sea level is not a great regional hazard, glacigenic silt and clay 
deposits present at sea level are among the sites most vulnerable to erosion. While the public is broadly aware of the 
threat posed by climate change to beaches and wetlands, bluffs of glacigenic material stand high and lull those not 
educated in their hazard into building expensive properties too close to the edge. There are few models available to 
guide the public or state agencies in assessing the danger of bluffs to erosion, and homeowners sometimes feel 
secure until it is too late to halt erosion. Through the course of this field trip we will visit several exemplary 
occurrences of coastal bluff erosion in southern Maine’s Casco Bay. In addition, we will examine several salt 
marshes to consider the mechanisms controlling their reaction to the rising sea. The natural habit of shoreline retreat 
and ongoing erosion mean that every visit and photograph of a coastal site is a “before.” The shoreline is in a 
constant state of change. 

 
Preparation 
 

Walking to and along the base of the bluffs is best done with tall boots or water shoes. Mud on the flats can be 
deep in some places and care must be taken not to get stuck standing in the wrong place for too long. A plastic bag 
and change of footwear is recommended for the end of the trip. 
 
GEOLOGIC SETTING 

  
The Maine coast is underlain by a framework of Paleozoic bedrock, overlain by Late Pleistocene glacial 

materials and some Holocene sediment. The bedrock of Casco Bay (Fig. 1) strikes to the northeast and is complexly 
folded and faulted (Osberg et al., 1968; Hussey, 2015). Resistant units, generally of quartzite and volcanic rocks, 
project as headlands, peninsulas and chains of islands, while less resistant layers are eroded and form estuaries and 
embayments. The sheltering effect of the many islands and peninsulas leads to a wave-dominated outer coast with 
rock cliffs and gravel beaches, and an inner shore with abundant bluffs of glacigenic sediment and associated low-
energy beaches and wetlands (Kelley, 1987).  For the most part, Maine’s exposed bedrock coast is eroding very 
slowly (Hapke et al., 2014, p. 140). 

Glacial till and glacial-marine muddy sediment (locally known as the Presumpscot Formation, Bloom, 1963) 
unconformably rest on the bedrock, and are abundant all along the inner, sheltered coast of Maine. In Casco Bay, 
bedrock crops out at the shoreline along 20% of the 1250 km coastline, with glacigenic material forming bluffs 
along 27% of the coast (Kelley and Dickson, 2000). Salt marshes or low upland areas of glacial sediment comprise 
the remainder. 

The dominant winds are from the north-northwest in fall, winter and spring, with storm winds and waves from 
the east and northeast. Summer wind and waves are from the south-southwest. Coupled with the bedrock alignment, 
the wind is severely fetch limited in its ability to produce waves from any direction but the southwest.  The 
semidiurnal tides have a spring range just over 3 m, which means that wind-waves in the inner bay are relatively 
unimportant except at times of high tide when the wind is from the northeast (rarely) and southwest (summer).  
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Figure 1 – Location map, Casco Bay, WC coast of Maine (after Belknap et al., 1987). 

 
BLUFFS 
 

Bluffs in Casco Bay are composed generally of till or glacial-marine muddy sediment (Kelley et al., 1989). 
They range from very slight up to 15 m (Fig. 2). The till is mostly thin ground moraine underlying the  

 

Figure 2 – Bunganuc Bluff glaciomarine Presumpscot Formation exposure, J.T. Kelley, April 2003. 
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glacial-marine sediment. One moraine 
stretches discontinuously from the Portland 
peninsula to Cousins Island, where it is 
exposed on the northwest coastline (Fig. 3). 
Bluffs of glacial-marine sediment are more 
common than those of till. These bluffs have 
also been involved in major historic 
landslides throughout Casco Bay and 
upstream, along its estuaries and river 
valleys, as well as slower, chronic erosion. 

Much of the bluff sediment is well 
preserved; found as unweathered, fine 
grained silts and clays representative of the 
deconstructed, pulverized Maine granites and 
sandstones from inland, a.k.a. glaciogenic 
rock-flour (Thompson, 2015). The mass and 
extent of the Presumpscot Formation exhibits 
the erosive force of a glacier's passage. 
Depositional volumes vary across the extent 
of the formation due to the lively nature of tidal glacier margins during a retreat. As such, the soft shoreline’s 
distribution is not uniform and consequently its sensitivity to erosion will vary by site and by chance. While silts and 
clays tend to interlock there is little to no chemical source, lime or iron, present here to cement the formation's 
sediments (Andrews, 1987). Consequently the material strength is greatly governed by pore-pressure and saturation 
of groundwater. Too much water can liquefy the mass and cause dramatic failure. 

To inform the public about the hazards of bluff erosion, the Maine Geological Survey produced a series of Bluff 
Hazard Maps http://www.maine.gov/dacf/mgs/pubs/online/bluffs/bluffs.htm  (Kelley and Dickson, 2000). These are 
available free on line and characterize the coast in terms of no bluff, stable bluff, unstable bluff and highly unstable 
bluff. The coastal environment at the toe of the bluff 
was also mapped as part of this series (Fig. 4).  

Although waves are not the driving force in bluff 
erosion in Maine as they are in other places in the 
country (Kelley, 2004; Komar, 2004) and rarely cut 
notches in the base of bluffs, they remain important. 
Keblinsky (2003) studied the bluffs in the Freeport 
Quadrangle and concluded that the direction of the 
bluff exposure to waves (southwest) and length of 
unrestricted fetch were major controlling factors on 
bluff stability. The reason for this is not that waves 
directly impact bluff very often, but that they remove 
slumped debris and set up future erosion. It is this 
interval between successive bluff-erosion events that 
ultimately controls the rate of shoreline retreat on 
Maine’s bluff coast.  Kelley and Hay (1986) described 
the cycle of bluff erosion followed by stabilization by 
fringing marsh (Fig. 5).  The length of this cycle is not 
well known, probably decades to centuries, and most 
likely is related to composition and elevation of the 
bluff, exposure to wave erosion, and degree of 
disturbance (Kelley et al., 1987, Belknap and Kelley, 
2015). 
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Figure 5 – Maine bluff evolution model, Belknap and Kelley (2015) after Kelley and Hay (1986), Kelley 

et al. (1987). 
 
SALT MARSHES 

 
Salt marshes occur throughout the area of the field trip.  Eroding bluffs are the major source of mud to mudflats 

and salt marshes this region (Hay, 1988). As bluffs yield sediment to tidal flats, tidal currents move the mud into 
coves where it is deposited in accretionary salt marshes. During the Colonial Era, massive clear-cutting of the 
upland near the coast for timber (e.g., Cronon, 1983) led to rapid bluff erosion and accompanying marsh growth. 
Today’s more vegetated bluffs are more stable than in the past, and some of the early marsh growth is eroding.  

Marshes also 
occur at the base of 
bluffs following 
landslides (Kelley et 
al., 1988). These sorts 
of geomorphological 
settings are found 
where a landslide 
deposit is planed off by 
waves and a low salt 
marsh colonizes the 
surface. Related to the 
bluff cycle (Fig. 5), 
marshes of this sort 
provide vivid 
documentation of a 
past landslide, with 
contorted glaciomarine 
mud underlying 
colonizing marsh 
(Figs. 6, 7). 
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Figure 6 (previous page) – crumbled appearance of fine-bedded glaciomarine mud within slump outrunner block on 
the tidal flat, toe of Bunganuc bluff, 05/18/86 (D.F. Belknap). 

 
 
 
 
 
Figure 7 - Contorted 

glaciomarine mud 
from former slump, 
overlain by 
colonizing low salt 
marsh.  Scale is 20 
cm.  Little Flying 
Point, Casco Bay, 
05/20/85 (D.F. 
Belknap).  

  
 
 
 
 
 
 
 

On this trip we will have an opportunity to see an important landform on salt marshes, salt marsh pools. These 
are permanent bodies of water on the surface of the marsh (Wilson et al., 2010). Wilson et al. (2010) addressed the 
question of whether pools are the last vestiges of a tidal flat, indicators of a drowning marsh, or simply temporary 
disturbances to the marsh in favor of the last hypothesis. Cores through pools show more salt marsh below the water, 
but pools also drain and refill with marsh sediment. Though Maine is losing salt marsh to the open water of pools 
(Table 3.13, Wilson, 2010), many pools recover and fill rapidly with low salt marsh peat before becoming capped 
with high salt marsh.  
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Field trip location map – Yarmouth, Freeport and Brunswick area, Maine. 
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ROAD LOG 
 
Mileage 
0.0 The Assembly Point is Wharton Point, near the head of Maquoit Bay. To get there from the north and 
 southbound on I-95: EXIT 28 Brunswick onto US-1 N Coastal Route/Brunswick & Bath,  
2.8 Right turn onto Church Road,  
3.9 Left turn onto Woodside Road, 
6.1   Right turn onto Maquoit Road, arrive at Wharton Point. 
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STOP 1: WHARTON POINT  
 
Warton Point was a Colonial-Era shipyard that has undergone many changes over time (Fig. 8). The surficial 
geology consists of eolian sandy deposits unconformably overlying the Presumpscot Formation (Fig. 9).  
 

 
 Figure 8 - Wharton Point from the air, looking SE, May 30, 2012. 
 

       
Figure 9 - Steeply dipping beds of eolian sand unconformably overlie glacial-marine mud in a tidal 

creek at Wharton Point. 
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The sand was likely derived from erosion of the Brunswick Sand Plain to the northeast. This sand plain is a 
regressive fluvial deposit that formed as post glacial sea level to near the present elevation, and the deposit likely 
blocked the Kennebec/Androscoggin Rivers from entering the sea here. In the 18th Century, this was a sand flat, but  
changed with coastal 
deforestation to supply 
logs for  British masts. 
Mast boats from 
Britain loaded logs 
here and at nearby 
Mast Landing as well 
as built and repaired 
vessels.  The silting in 
of the area from 
enhanced bluff mud 
filled the old shipyard 
and allowed salt marsh 
to grow seaward (Fig. 
10). 

 
 

Figure 10 - 
Eroding salt  
marsh at Wharton 
Point exposed 
Colonial-Era 
worked log. 
 
 
 

 
Contemporary bluff erosion supplies less 

sediment than during the first times of tree cutting, 
and so the salt marsh at Wharton Point is eroding on 
its margins and pools have developed in its interior. 
To evaluate the health of the marsh, Kristin Wilson 
used time-series air photos to measure the area and 
number of pools over time.  Between 1964 and 2001, 
the Wharton Pt marsh added 180 pools but only lost 
1% of its area. Many of the new pools are new and 
some pools have been breached by a tidal creek, 
drained and. A study of one infilled pool that is by 
210Pb and 137Cs methods showed how rapidly the pool 
filled in after it drained compared to the adjacent high 
salt marsh refilled (Wilson et al., 2010).   

 
Figure 11 - Changes in a salt marsh pool at 
Wharton Point (Wilson et al., 2010). 
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Figure 12.  Core log from the filled pool and adjacent 
high marsh, with fossils indicative of pool sediment 
(Wilson et al., 2010). 210Pb and 137Cs data reveal the 
rapid accumulation of sediment in the filled pool. 
 
 
 
 
 
 
 
 
 
 
 
 
STOP 2: TOWN PARK.    
0.0 From Wharton Point:  Head NW on Woodside Road, 
0.5 Left turn onto Bunganuc Road, 
0.6 The Park is on the left, a dirt lot. 
 

A gentle hike along high ground, with heavily gullied edges and bounded by tidal marshland, brings us to a 
bedrock outcrop responsible for anchoring and supporting the ridge. This is a natural demonstration of the control 
that bedrock can have on the geomorphology of these environments.  
 
STOP 3: LITTLE RIVER, WOLFE’S NECK FARM. (1.5 hours) Lunch Stop. 
0.0 From Town Park: Head S on Bunganuc Road, 
1.4   Becomes Flying Point Road, continue 
2.1   Left turn onto Lower Flying Point Road, 
0.3   Right turn onto Burnett Road, 
1.1   Move through Recompence Camp and Wolfe’s Neck Farm, arrive at small bridge over Little River outlet.  
 

The bluffs here at Little River are in various states of erosion, failure, and natural stabilization. This stop 
provides a good opportunity to see these various forms alongside one another in a singular environment. Of 
particular interest is the evidence for a full rotational slide and the exposed clay exhumed at the toe of the slump.  
 
STOP 4: LITTLE FLYING POINT. (45 minutes)  
0.0 From Little River, retrace: 
1.1 Burnett Road, left turn onto Lower Flying Point Road, 
0.3 Right turn onto Marietta Lane / L.L.Bean Paddling Center, continue down dirt road to parking lot. 
 

We are here to see a steeply eroded and bare faced bluff bounded by more stabilized, vegetated, shoreline that is 
defended by two large slumps from previous events. The slumps have been heavily colonized by Spartina marsh 
grasses but show evidence of being overrun in high water events and have experienced some toe-erosion themselves. 
The profile of the mudflat shows the focus of wave energy and the resulting erosion.  

Little Flying Point also features high biological activity and its own shorebird “shell midden.” 
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STOP 5: BUNGANUC BLUFF (60 Minutes)  
 0.0 From Little Flying Point, retrace: right (N) turn onto Lower Flying Point Road, right turn onto Flying Point 

Road, 
2.1   becomes Bunganuc Road, continue 
0.7   Right turn onto Bunganuc Landing. 
 
 Please be respectful of the private home setting.  
 Bunganuc Bluff is a large unstable bluff in an active state of retreat standing near the end of the long, narrow, 
Maquoit Bay. Here we see the interaction of human development and a naturally vulnerable system as well as the 
potential influence of private armoring projects on adjacent bluff forms. Evidence of previous landslides is present 
in the tidal flat.  
 
STOP 6: COUSINS ISLAND. (45 minutes)  (Outhouse) 
0.0 From Bunganuc Bluff: right turn onto Bunganuc Road, 100 ft slight left turn onto Casco Road, 
1.8   Cross Pleasant Hill Road onto Church Road, 
1.9   Left turn onto US-1 S / Pleasant Street, 
0.9   Merge onto I-295 S (Portland/Freeport), 
11.6   EXIT 17 YARMOUTH, Merge briefly onto US-1 S, 
100 ft Left turn across US-1 S onto ME-88 S, 
1.6   Left turn onto Princess Pt. Road, 
0.3   Left turn onto Gilman Road, 
1.3   Gilman Road becomes Cousins Street, continue across bridge, left turn into parking lot at the end of the 

bridge.  
 

Here we visit an alternative environment where the bluffs are predominantly composed of glacial till and thus 
stand taller and are more cohesive because of the coarser sediments. Look to the western side of the island (right 
hand when approaching over the bridge) to catch a glance of the most prominent features before we get up close. 
Significant long-shore transport and channel erosion between the island and the mainland challenges the 
development of a mudflat at the base of the bluffs and makes for a large sand spit on the lee side of the bridge’s 
foundation.  

On arrival, at the seaward edge of the parking lot, a chain-link fence bars the top edge of a slope failure actively 
responding to the concentration of surface water flow from the open lot. Looking northward the beach is littered 
with boulders freed from the retreating shoreline.  

When approaching the bluffs on the western face of the island it becomes clear that beach has been overtopped 
by vegetal mats freed from earlier landslides and that grasses have colonized the newly introduced sediments. This 
works to shield the sensitive bluff toe from incoming wave action, as all along the shoreline undercutting of these 
features is evident. Looking closely at the bare surfaces is an opportunity to see the variety of sediments present in 
the bluff and the relative softness of the wet clays, which facilitates soil creep and risk of more catastrophic failure. 
 
CONCLUDE TRIP:  Return to NEIGC HQ 
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THE HISTORIC CRIBSTONE BRIDGE, BAILEY ISLAND 

 

by 

 

Ryan P. Gordon and Daniel B. Locke, Maine Geological Survey, 93 State House Station, Augusta, ME 04333 

ryan.gordon@maine.gov; daniel.b.locke@maine.gov 

 

INTRODUCTION 

 

 The bridge that connects Orrs Island to Bailey Island on the east side of Casco Bay is a unique and elegant 

engineering solution to the harsh conditions of the outer Maine coast. The narrow channel between the islands, 

called Will’s Gut, is known for particularly strong currents during large tides and storms. For this reason, the bridge 

has to readily allow free water passage, as well as withstand the exposed coastal setting under the most extreme 

conditions of ice, salt, and surf. Completed in 1928, the bridge is made from 12-foot-long granite slabs laid in an 

open crib configuration on top of exposed bedrock. The granite was brought by wagon and barge from quarries in 

Pownal. The minimum of 30 percent void space through the lattice allows the tide free movement through the Gut, 

while the central span is high enough to accommodate passing fishing vessels. During this stop, we will see the 

beautiful structure just after high tide, peak through the flooded latticework, see how the granite compares to the 

metasedimentary and metavolcanic local bedrock, and imagine other potential applications for this singular design. 

 

GEOLOGIC SETTING 

 

 Bailey Island is one of the most southerly pieces of land in Harpswell, the continuation of several long, thin 

peninsulas and islands stretching over 10 miles south from the mainland into the middle of Casco Bay (Figure 1). 

The passage between Orrs Island, to the north, and Bailey Island, to the south, is less than 1000 feet at high tide, and 

is mainly shallow water over submerged ledge, with a very narrow passable channel between the rocks. Daily tides 

as well as seasonal storms create currents that flow strongly through the channel, which is known as Will’s Gut. 

 

 
Figure 1. The location of Bailey and Orrs Island, and the Cribstone Bridge between them. 
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 The morphology of the long, thin peninsulas and islands of Harpswell are controlled by the underlying 

structural geology, which is a series of folded metamorphic rock units. The anticlines and synclines trend north-

northeast, parallel to the long necks of land and intervening sounds. Bailey and Orrs Islands are on the eastern limb 

of a syncline that lies beneath Harpswell Sound (Hussey, 1971). The bedrock that is exposed directly beneath the 

bridge and its abutments is the lower member of the Spring Point Formation, a sequence of thin beds of 

metamorphosed volcanics, mainly metapyroclastics (Figure 2). The Spring Point Formation lies conformably on top 

of the Cape Elizabeth Formation, which is exposed in the rocks and outcrops to the east of the bridge. The Cape 

Elizabeth is a thin-bedded sequence of quartzose and micaceous schist of pelitic origin (Hussey, 1971). The bridge 

itself is built along the ridge formed by outcroppings of the Spring Point Formation (Figure 2). 

 

 
Figure 2. Bedrock geology from Hussey (1971). 

 

HISTORY AND CONSTRUCTION 

 

 The bridge was designed in 1926 by engineers Llewellyn N. Edwards and Clarence L. Partridge for the Maine 

State Highway Commission (now Department of Transportation). The design was conceived by Edwards, a noted 

bridge designer, and was perhaps inspired by one or more bridges that he had observed in Scotland, although the 

Bailey Island Bridge is the only known example of its kind in the world. Construction occurred between June 1926 

and September 1928. 

 

 The bridge has withstood uncounted storms and ocean surges in its 88-year history, and has only closed once 

during the storm of January 9, 1978, when winds blew at over 75 miles per hour and the tide was pushed to 13 feet 

above mean sea level (Locke, 2015). The bridge was listed as historic by the National Park Service in 1975, and in 
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1984 was determined to be an American Society of Civil Engineers Civil Engineering Landmark, one of only 74 

bridges worldwide. 

 

 The bridge structure is built in an open latticework of split granite stone. The grey, fine-grained granite was 

taken from quarries in Pownal and North Yarmouth, moved by wagon down Granite Street in Yarmouth to the bank 

of the Cousins River, then loaded onto barges for the trip to Harpswell (Locke, 2015). Once on site, it was arranged 

directly on the exposed bedrock by steam-powered cranes that moved adjacent to the bridge on temporary rail track. 

Finally, reinforcing steel was laid on top and the surface was finished with concrete. In 2009-2010, the Maine 

Department of Transportation undertook a major repair to the bridge to replace and reset granite slabs that had 

broken or shifted in place. The repairs were done with attention to the original design and appearance of the bridge, 

and they went as far as sourcing granite from the original quarries in Pownal. The bridge today appears much as it 

did in historic photographs after completion (Figures 3 and 4). Further details of the bridge construction, source 

quarries, and historical plans and photographs can be found in Locke (2015). 

 

 
Figure 3. Historical photograph of the bridge, looking south. Date unknown. 

 

 
Figure 4. A closeup view of the bridge in 2016. 
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ROAD LOG 

 

Mileage 

 

miles  (degrees lat/long WGS84) 

00.0  (43.905990, -69.916350) Meeting location: Cooks Corner Shopping Center, Brunswick, on the southwest 

corner of Route 24. 

00.1 Facing east, turn right (south) out of the parking lot onto Route 24. Continue south towards Harpswell. 

12.7 (43.750560, -69.987000) Stop 1: Turn right into the parking lot of the Salt Cod Cafe, 1894 Harpswell 

Islands Road, Orrs Island, Harpswell. 

12.7 Turn left (north) out of the parking lot onto Route 24 and continue north. 

16.1 (43.786660, -69.949200) Optional lunch stop: Turn right into Devils Back Trail parking area. If not 

stopping here, continue north on Route 24. 

20.6 Turn left (west) onto Long Reach Road. 

21.1 (43.840670, -69.919640) Part 2 Stop 1: The causeway over Doughty Cove, Long Reach Road, Harpswell. 

(Continue with the Road Log for Part 2 on page A6-11) 

 

 MEETING LOCATION. Participants of this field trip (Cribstone Bridge, A6 Part 1), as well as the following 

trip (Ecogeomorphology of Marshes, A6 Part 2), will meet at 10:00 a.m. at the Cooks Corner Shopping Center, 

Brunswick, on the southwest corner of Route 24. We will meet beneath the trees in the TJ Maxx parking lot, near 

the Subway and Starbucks building, to park and consolidate vehicles. Participants are encouraged to attend both 

parts of today’s field trip, and there will not be a general return to Brunswick at the end of Part 1. Because parking at 

the stops is limited, especially during Part 2, it will be important to car pool and limit the number of vehicles going 

on the journey. 

 

 STOP 1: BAILEY ISLAND CRIBSTONE BRIDGE, HARPSWELL. The first and only stop of Part 1 of 

today’s field trip will be at the north end of the bridge between Orrs Island (to the north) and Bailey Island, (to the 

south), in Harpswell, Maine. Arrangements have been made specifically for this trip to park in the gravel lot of the 

Salt Cod Cafe, on the west side of Route 24, the Harpswell Islands Road (43.750560, -69.987000). We will meet on 

the boat ramp by the water 

 

 LUNCH AND PART 2. After seeing the bridge, we will break for lunch (at approximately 11:30 a.m.). There 

are many nearby places for a lovely picnic, depending on the weather, including the southern tip of Baily Island or 

the more sheltered Devils Back Trail area on Orrs Island, 10 minutes to the north. (The latter features steep, wooded 

hiking trails that lead down to the water’s edge.) 

 

 The first stop of trip Part 2 will be at Long Marsh where it is crossed by Long Reach Road in Harpswell 

(43.840670, -69.919640). Meet there by 12:30 p.m. in order to begin Part 2. Please see the next field guide for the 

remainder of this day’s stop descriptions and road log (the Part 2 road log begins on page A6-11). 
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THE ECOGEOMORPHOLOGY OF TWO SALT MARSHES IN MIDCOAST MAINE: NATURAL 
HISTORY AND HUMAN IMPACTS 
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INTRODUCTION 

 
Coastline of Maine and Marsh Morphology 
 

The coast of Maine is divided into 4 distinct geomorphologic sections arising from differences in the 
composition, orientation and structure of the bedrock (Kelley et al., 1988) (Figure 1).  The salt marshes located in 
these 4 sections of the coast are somewhat distinct geomorphologically due to differences in geology, the sediment 
supply and composition, and the intensity and direction of wave energy.  The Arcuate Embayments compartment (in 
the southwest region of the state) is characterized by resistant bedrock headlands separated by large sandy beaches 
and large back barrier marshes.  Moving further east, the Indented Shoreline compartment is characterized by high 
grade metamorphic rocks that have been gouged out by glaciers into elongate peninsulas and islands oriented N/S to 
NE/SW and mudflats and salt marshes.  The Island-Bay Complex shoreline is composed largely of igneous rocky 
shorelines and islands with relatively high exposure to waves and fewer salt marshes.  Finally, the Cliffed Shoreline, 
in downeast Maine, is characterized by cliffs of volcanic rock and few salt marshes.    

 

 
Figure 1. Maine coastal compartments and areas of major types of salt marshes (after Kelley et al., 1988). 
 
Many of New England’s salt marshes exist behind barrier beaches, or as individual systems in glacially carved, 

relatively small drowned valleys (Niering and Warren, 1980; Kelley et al. 1988).  In this field trip, we will be 
looking at two marshes within the Indented Shoreline compartment, Long Marsh and the Sprague River Marsh 
(Figure 2).  
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Figure 2. Map of Maine and inset of Casco Bay, with locations of Long and Sprague Marsh, plus satellite  
images of Long and Sprague Marsh.  Fieldtrip stops are designated as 1, 2A, 2B and 2C on the satellite images. 
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The most common marsh formation within the Indented Shoreline compartment is the fluvial marsh.  These are 
typically found in glacial valleys along streams/rivers (Kelley et al., 1988).  There are fluvial major and fluvial 
minor marshes; the former occupy estuarine sections of large rivers, the latter are found in underfit stream valleys.  
Fluvial marshes differ from back barrier marshes in that fluvial marshes border tidal streams/rivers, and Spartina 
patens usually grades into Spartina alterniflora and mudflats rather than sandy beaches (Kelley et al., 1988).   

 
Long Marsh is classified as a fluvial minor marsh and Sprague Marsh is classified as fluvial minor grading into 

a back barrier marsh at its southern end.  Morphologically, Maine’s fluvial minor marshes are characterized by a 
nearly flat high marsh plateau, bounded above by steep valley walls, and below by tidal channels or tidal flats. In 
larger marshes, the high marsh plateau often harbors pools that retain water throughout the monthly tidal cycle, or 
shallow “pannes” that may dry periodically but are characterized by shallow water, bare soils and distinctive 
vegetation communities. 

  
Salt Marsh Formation 
 
The formation of salt marshes depends on rates of sea level rise, sediment accumulation and vertical accretion.  
Initially, low marsh plants colonize a tidal flat.  The plants reduce the energy of the tide waters which then allows 
for suspended sediment to settle out.  Over long periods of time, thick sequences of peat develop if vegetation and 
sediment accretion keep pace with sea level rise (summarized in Redfield and Rubin, 1962; Niering and Warren, 
1980; Adam, 2002).  If sea level rise is greater than sediment accretion, the low marsh plants will be drowned.  If 
sediment accretion is greater than sea level rise, than the marsh surface becomes elevated and is no longer tidal.  In 
Maine, following the rapid post glacial marine transgression and regression, and then the early Holocene rise in 
eustatic sea level, rates of sea level rise slowed enough to allow colonization of tidal flats by low marsh vegetation 
between 4000 and 3000 years ago (Figure 3; from Kelley et al,. 2010).   

 
Figure 3.  Late Quaternary sea level curve for Maine (from Kelley et al., 2010). 
 
A close feedback process links salt marsh surface elevation with vegetation and tidal inundation.  By trapping 

sediments and increasing accumulation of organic matter on the marsh surface and below ground, vegetation shapes 
sediment dynamics, which in turn shapes microtopography on which the vegetation grows.  The link between 
vegetation, elevation and inundation is so close that the lower elevation of the high marsh plateau generally occurs 
within a few centimeters of Mean High Water (MHW), and corresponds to a shift in vegetation from “low marsh”, 
dominated by Spartina alterniflora (salt marsh cordgrass) to “high marsh” vegetation, dominated by Spartina patens 
(salt meadow hay) and Juncus gerardii (black grass).  The characteristic high marsh plateau appears to be the 
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morphological consequence of this feedback process over a period of nearly 4000 years of relatively gradual sea 
level rise. 

   
Detailed assessment of the elevation of tidal wetlands (Bohlen et al., 2012) show that most of our fluvial minor 

marshes have room to migrate up valley in response to rising seas.  Unless inundation (1) is too rapid or (2) 
increases subsidence or lateral erosion, total intertidal area would increase with moderate sea level rise (ca. one 
meter).  Sediment accretion rates, especially on the high marsh plateau, will influence the ecological character of the 
wetlands, with potentially significant implications for birds that nest (salt marsh sparrows; some waterfowl) or feed 
(wading birds) on the high marsh. 

 
Vegetation Zonation 
 

The zonation pattern of New England salt marshes, as described in numerous textbooks, depicts a relationship 
between dominant plant species and elevation (Figure 4).  The classic model divides the salt marsh into low marsh, 
dominated by Spartina alterniflora and the high marsh dominated by Spartina patens and Juncus garardii. 
Permanent pools and periodically flooded pannes in the high marsh harbor distinct plant communities of their own.  
This zonation reflects the dynamic interplay between the physiological stresses of the salt marsh environment and 
competition among plant species that are able to survive at a given location on the marsh (Bertness and Ellison, 
1987).  Generally the plants of the low marsh and the pannes are better able to tolerate stress, while better 
competitors crowd out the stress tolerant species in the high marsh.  The high marsh species, in turn, are crowded 
out by other species where conditions are more benign. 

 

 
 
Figure 4: Diagram of classic salt marsh zonation for southern Maine (University of Maine Seagrant. 2016.  
Coastal Wetlands.  http://www.seagrant.umaine.edu/coastal-hazards-guide/coastal-wetlands) 
 
This classic zonation pattern, however, incompletely describes vegetation patterns on the marshes we will be 

visiting.  On our sites, the elevation and inundation gradient interacts with strong latitudinal and lateral gradients in 
salinity.  In these long, narrow wetlands, salt water enters the system at the mouth of the tidal creek, while 
freshwater enters at the other end of the marsh, via the marsh tributary. Fresh water also enters directly from the 
surrounding uplands via groundwater and surface runoff. The salt tolerant species of the “salt marsh” are found 
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towards the downstream end of the wetland, grading towards brackish and then freshwater as those freshwater inputs 
come to dominate.  Human alterations of marsh hydrology also result in variable patterns of vegetation, as will be 
illustrated at the sites we visit today. 

 
Ecosystem Services and Carbon Mitigation 
 

Salt marshes provide a variety ecosystem services (recently summarized in Gedan et al., 2011). They provide 
nutrients and habitat for many estuarine and marine organisms, buffer against storm surges, reduce coastal erosion 
and they filter out nutrients and pollutants.  Additionally, they are extremely effective at CO2 drawdown and carbon 
sequestration (more so than tropical forests) (McLeod et al., 2011).  Recent elevation of this fact to the international 
and national climate policy and science communities has created a renewed focus on the climate mitigation benefits 
of restoring and conserving salt marsh and other coastal “blue carbon” (i.e., mangroves and seagrass) ecosystems 
(Nelleman, 2009; McLeod et al., 2011; Murray et al., 2011).   

 
The climate benefits are derived from the fact that functional salt marshes are a carbon sink.  In other words, 

CO2 is removed from the atmosphere, converted to plant matter, and buried in anoxic sediments for centuries to 
millennia (Figure 5).  Approximately 20% of fixed carbon is released back to the atmosphere as CO2 via respiration, 
70% is exported to the surrounding estuaries, and 10% is buried in the sediments (Bauer et al., 2013).  In some 
cases, greenhouse gases (GHG) are emitted from sections of salt marshes, particularly those who have been subject 
to human impacts (summarized in Johnson et al., in press). Thus it is important to track GHG emissions and uptake 
when considering the climate mitigation potential of a salt marsh (Moseman-Valtierra, 2013). 

 

 
Figure 5. Concept map of carbon and GHG budgets in a salt marsh (from Johnson et al., in press).  Boxes = 
reservoirs of organic matter; arrows = represent fluxes of organic matter and/or GHG.  Black solid arrows = 
dominant fluxes of carbon (photosynthesis, respiration and burial); black dashed arrows = variable, and usually 
minor fluxes of GHG, green dashed arrows = variable, and often unknown, inputs of organic matter from land 
and sea.   
 

Human Impacts 
 

Today, when we look at tidal wetlands, we often think if them as natural areas, of value principally because of 
their visual beauty, water quality benefits or as habitat for juvenile fish or migratory birds.  However, Maine’s tidal 
wetlands have a deep and complex history of human use and alteration.  In fact, nearly all salt marshes have been 
impacted by humans; between 24 and 50% of salt marshes have been destroyed over the last couple of hundred 
years (Gedan et al., 2011).  Globally, estimates of salt marsh loss range between 1-2%/yr (Duarte et al., 2008). 
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For early settlers of Maine, and continuing into the 20th century, tidal wetlands were an important source of 
forage for livestock.  Wetlands were altered to facilitate harvesting or to increase quality and quantity of hay 
produced.  Famers cut perimeter ditches around the edge of the marsh to divert surface and groundwater from the 
adjacent uplands, or carved drainage ditches to speed drainage of tidal waters.  Roads were built on the marsh 
surface to speed access to the hay. Natural channels and pools were filled, both as convenient locations to dispose of 
dredged material, and to increase harvesting area.   

 
The importance of salt marsh hay diminished as the uplands were cleared; human uses and alterations of tidal 

wetlands grew ever more complex. Portions of marshes or entire wetland systems were cut off from the sea to 
facilitate production of salt-sensitive crops. Ditches were dug in an effort to reduce mosquito populations.  Dikes 
were built to retain water on the marsh surface and increase habitat for waterfowl.  Roads and railroads were built 
across tidal wetlands, blocking fish passage and restricting tidal flow. Dams were constructed across tidal valleys to 
create freshwater ponds.  Wetlands are also altered indirectly by development of adjacent areas. 

 
Tidal restrictions are locations where roads, railroads, dams or other structures cross tidal wetlands, block or 

restrict movement of tidewater.  Tidal restrictions alter system hydrology, cause changes in vegetation, and degrade 
habitat quality for certain saltmarsh dependent species.  By restricting delivery of marine-derived sediments to the 
marsh surface, they may also reduce marsh resiliency to sea level rise.   
 

Surveys of structures in intertidal areas around the Casco Bay shoreline identified over 128 candidate sites for 
restoration (Figure 6).  Analysis of elevations using LIDAR confirmed that 76 of these structures occur at present-
day tidal elevations, and thus qualify as tidal restrictions.  

  

 
 
Figure 6. Map of tidal restrictions along the Casco Bay Shoreline (modified from Bohlen et al. 2012). 

 
Restoration is commonly undertaken to repair negative impacts of prior human activities in tidal wetlands.  

Most salt marsh restoration projects undertaken in Maine in recent years have focused on restoration of hydrologic 
characteristics of the tidal wetland.  In the 1990s, “ditch plugging” projects were undertaken to block flow through 
linear ditches, to restore what was thought of as more natural hydrology, or to increase shallow surface water to 
improve habitat for migratory birds.  More recently, projects have focused on repairing tidal restrictions by 
removing tide gates or replacing under-sized culverts at road crossings with larger structures. 
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Purpose of Fieldtrip 
 

Recent efforts to restore salt marshes have met with mixed results.  In this field trip, we explore a success story 
in-the-making at Long Marsh, Harpswell, where an undersized culvert was recently replaced.  Also, we visit a site 
with mixed restoration results (restoration of the hydrology and ditch plugs) in the Sprague River Marsh, 
Phippsburg.   Participants will (1) explore the geologic history of both marshes by collecting and examining 
sediment cores, (2) learn about the ecology of the dominant marsh plants, and (3) examine the pros and cons of 
various restoration methods.  While we wait out the tides, we will first go to the beautiful historic and famous 
Cribstone Bridge on Bailey Island (A6-1 through A6-4 of this field guide), followed by a brief lunch in scenic 
coastal Maine and then visits to 2 salt marshes in midcoast Maine.  Discussions on topics such as carbon 
sequestration and methane emissions, marsh hydrology, sea level rise and coastal hazards are sure to ensue.   
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ROAD LOG 
 

Due to the timing of the tides (low tide is at 3:30 pm), and our desire to take sediment cores of marsh sediments 
when the sediments are not fully saturated, we have linked the Ecogeomorphology of Marsh field trip with the 
Cribstone Bridge fieldtrip described on pages A6-1 through A6-4 of this field guide.   

 
Participants for both the Cribstone Bridge and Ecogeomorphology of Marshes Fieldtrips will meet at the Cooks 

Corner Shopping Center, Brunswick, on the southwest corner of Route 24 beneath the trees in the TJ Maxx parking 
lot, near the Subway/Starbucks building at 10:00 am.  Due to limited parking, we will consolidate vehicles and 
follow the ROAD LOG described on pages A6-1 through A6-4 for the Cribstone Bridge trip.  After seeing the 
Cribstone Bridge, we will have lunch and then drive to Long Marsh, arriving there at 12:30 pm.   

 
We will be driving to all fieldtrip stops, but will provide the option for folks to walk between stops at the 

Sprague Marsh, should they prefer shorter times at the stops and more time walking.  (The total walking distance 
will be between 3-4 miles.  It is not technical, but there is a ~200 foot climb up Morse Mountain at the Sprague 
Marsh site.)  No food or water will be available at the marsh stops; please bring all food and drink.  Comfortable 
mid-calf-high waterproof shoes would give you the most flexibility in terms of marsh exploration.  Please pack 
warm clothes and/or rain gear, depending on the forecast. 

 
STOP 1. LONG MARSH (and starting point for Ecogeomorphology for Marshes Part of Fieldtrip) 
 

At Long Marsh, we will examine the marsh stratigraphy/history, vegetation and the impacts of tidal restoration 
and subsequent response of marsh vegetation and CH4 emissions.  Though this restoration project is only 2.5 years 
along, all signals suggest it has been a grand success.   

 
General Background.   
 

Long Marsh is located in Harpswell, Maine.  It is almost 3 km long and for much of its length has a width of 
under 200 m.  It is confined to east and west by bedrock uplands, which form a narrow valley. Tidewater from 
Casco Bay enters the marsh through a culvert under Long Reach Lane, to the north. The first kilometer or so of the 
wetland is predominately salt marsh, but it grades to brackish marsh and to tidal and ultimately non-tidal freshwater 
wetlands upstream.  Much of the marsh is public land, part of the Austin Cary Lot, which is managed by the Baxter 
State Park Authority.  Another lot that includes part of the marsh is protected by a conservation easement held by the 
Harpswell Heritage Land Trust. 
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Long Marsh is located in metamorphic sedimentary rocks (middle to late Ordovician) on the western limb of the 
Hen Cove anticline.  Here, the older Cape Elizabeth Formation to the west lies structurally on top of the younger 
Sebascodegan Formation to the east due to the Boothbay Thrust Fault (Hussey and Berry, 2006).  It is important to 
note that there is some debate about the existence of the Boothbay thrust fault (Eusden, pers com, 2016). The 
surficial sediments of Long Marsh and surrounding uplands is composed the glaciomarine clay of the Presumpscot 
Formation and depositional glaciomarine silts and clays.  The soils of Long Marsh show considerable spatial 
heterogeneity and in many areas show interlayering of salt marsh peats with secondary deposits of the glaciomarine 
silts and clays. Small–scale variation in soil characteristics appears to influence hydrology and vegetation. 

 
History of Human Impacts.   
 

Long Marsh has long been diked at the current location of Long Reach Lane (Coffin, 1934). The exact timing of 
initial construction is uncertain. Long Reach Lane itself does not show up on USGS topographic maps until the 
1940s, but is older than that might suggests.  We believe tidal flow to the marsh has been restricted since about 
1900.  The adjacent land was the site of a coastal farm.  “Mash hay” was cut from the marsh surface by hand for 
livestock, dried on nearby beaver dams, and then carried off by hand. The marsh was described as being ‘too soft for 
a horse’ (Coffin, 1934). While there is no evidence of grid ditching typical of 20th century efforts at mosquito 
control, remnants of a perimeter ditch are visible around several portions of the marsh. Perimeter ditches were 
frequently used to divert runoff from adjacent uplands, to facilitate growth and harvesting of salt hay.  If the site was 
“too soft for horses”, apparently the effort was only partially successful here. 

 
Several other structures are visible in the marsh, but we have so far found little documentary evidence for when 

they were constructed or why.  Lateral berms are prominent in the northern (downstream) portion of the marsh both 
to the east and the west of the tidal channel.  They may have been constructed by resource agencies in the 1960s in 
an effort to enhance habitat for waterfowl.  An abandoned road bed crosses the marsh about 800 m from Long Reach 
Lane. The road bed leads to the site of one of the first homestead settlements in Harpswell. 

 
Restoration and Vegetation Response.   
 

Several years ago, Maine’s Department of Transportation undertook the replacement of the Martin’s Point 
Bridge, which crosses the Presumpscot Estuary between Portland and Falmouth.  The project resulted in the 
destruction of tidal flats and wetlands, which triggered an obligation for wetland mitigation under federal and state 
law.  In January of 2014, contractors working for DOT replaced the three foot diameter round culvert that had been 
in place for decades with a substantially larger box culvert (Figure 7).  Not only is the new culvert substantially 
larger, but its bottom is several feet below the elevation of the bottom of the old culvert.  This change has sharply 
increased the tidal range in the marsh, both lowering the level of water in the marsh at low tide and raising the 
elevation of water in the marsh during high spring tides.  CBEP has sampled pore water salinity at eleven sampling 
locations since 2013, before the project was completed.  At most sites, salinity either increased or significantly 
increased following the project.   

 

 
 

Figure 7.  Culvert at northern end of Long Marsh, prior to and after the 2014 restoration. 
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The vegetation response to 
the restoration effort has been 
both significant and dramatic 
and includes widespread 
cattail mortality (Figure 8).  
Prior to replacement of the 
culvert, cattails (Typha 
latifolia and Typha 
angustifolia) were abundant, 
present on as much as one 
quarter of the marsh surface 
within the primary study area 
(see Figure 8; yellow 
hashmarked areas). Within a 
year of project construction, 
cattails were gone from most 
of the former area they had 
occupied (see Figure 8; 
orange solid areas). Cattails 
are sensitive to salt, so this 
widespread mortality is 
almost certainly due to 
increased porewater salinity 
post restoration. 
 
 
Figure 8 (to the left). Map of 
Typha spp. on Long Marsh 
prior to restoration (yellow 
hashed marks) and after 
restoration (orange solid 
area).  Also included are 
location of CH4 sampling 
sites, including Sal (Saline), 
Tran E (Transitional East), 
Tran W (Transitional West), 
Brack (Brackish) and Fresh. 
 

 
Other vegetation changes suggest that changes in salinity have been the primary driver of vegetation change.  

Results of intensive vegetation monitoring show a significant drop in abundance salt-sensitive plant species 
throughout the marsh. 

 
Tidal Restoration and Reduced Methane Emissions. 
 

Using static gas chambers, we quantified CH4 fluxes along a salinity gradient at three sites ranging from the salt 
marsh platform (salinity of 27 to 31 psu, dominated by Spartina spp.), to the salt marsh margins (salinity of 0 to 4 
psu, dominated by Typha spp.) (Gunn, 2016). Two sites in the Typha die-back zone (hereafter referred to as 
transitional sites) were also measured. Sampling was executed monthly between July and October, 2015, and 
between April and October, 2016. CH4 concentrations were determined using a gas chromatograph with a flame-
ionization detector in the Environmental Geochemistry Laboratory at Bates College (Figure 9).   
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Figure 9.  Average methane fluxes for triplicate measurements from five sites in Long Marsh, 2015; error bars 
represent 1 standard deviation (from Gunn, 2016). 
 
 
In 2015, the lowest CH4 fluxes were observed at the most saline and brackish sites (SAL and BRACK). The 

highest CH4 fluxes were measured at the marsh margins, where Typha dominated (FRESH). CH4 fluxes at the 
transitional sites were relatively low (TRAN E and TRAN W).  These data agree with those of Poffenbarger et al. 
(2011), indicating that salinity and CH4 emissions are inversely correlated.  When marine water is not present (and 
porewater sulfate concentrations are low), methanogens outcompete sulfate reducing bacteria, and methane is 
released. For all sites, lowest fluxes were observed in October and highest fluxes in July, suggesting seasonal 
influence on CH4 emissions.   Our 2016 measurements are currently underway. 

 
We used a space-for-time sampling design and assumed that CH4 emissions at the salt marsh margins (and by 

the long-lived Typha stand), could be used to calculate CH4 emissions from areas where Typha had expanded onto 
the marsh platform prior to restoration.  Based on average CH4 fluxes from the FRESH site for all sampling periods 
(61.8 μmol CH4/m2 hr) and a measured 3.11 ha decrease (92%) in Typha area after restoration, we project a 
decrease in CH4 emissions of approximately 70 kg CH4, or 1750 kg CO2e.    

 
While 1750 kg CO2e may sound substantial, this corresponds to the amount of CO2 generated, in terms of 

global warming potential, by complete combustion of approximately 210 gallons of octane (gasoline).  In other 
words, the reduction in CH4 emissions at Long Marsh is equivalent to the CO2 produced from the amount of 
gasoline burned by one car driven by the average American over a 4 month period of time (assuming 25 mpg and 
15,000 miles driven annually).  Our CH4 flux data suggest the reintroduction of healthy tides reduces methane 
production and emissions; however, the net carbon benefits of the relatively small (~ 5 to 15 Ha) tidal restoration 
projects in Casco Bay may prove difficult to monetize to support future projects 
 

 
STOP 2. SPRAGUE RIVER MARSH 

 
Mileage and Directions to STOP 2 (Sprague Marsh) from TJ Maxx parking lot at Cooks Corner Shopping Center  
 

Participants depart Long Marsh at 1:45 pm and will return to the TJ Maxx parking lot at Cooks Corner 
Shopping Center, Brunswick (on the southwest corner of Route 24) to move vehicles to STOP 2, the Bates Morse 
Mountain Conservation Area (BMMCA), Sprague Marsh in Phippsburg.   The transition at Cooks Corner will be a 
good time to take a brief bathroom break before continuing onto Sprague Marsh (at the BMMCA).  Participants 
should plan to leave Cooks Corner no later than 2:10 pm so they can arrive at the Bates Morse Mountain 
Conservation parking lot by 2:45 pm.   
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Road log is listed in cumulative miles beginning at TJ Maxx/Starbucks parking lot at Cooks Corner. 
 

Mileage and Directions from TJ Maxx/Starbucks parking lot at Cooks Corner to Sprague Marsh (~40 minutes): 
00.0  Turn Left/North onto Route 24 out of the parking lot  
00.1  Take US-1 N to Bath 
07.2  Take Route 209 S (High St) in Bath, heading down the peninsula 
18.7  Route 209 S turns sharply left to Popham Beach.  Stay straight on Route 216. 
19.1  Take left onto Morse Mountain Road (gravel road), and park in parking lot for Bates Morse 

Mountain Conservation Area about 350 feet from the turnoff onto Morse Mountain Road.  (In the 
summer, there is a gate keeper in the lot.) 

 
In the Parking lot, we will consolidate cars and drive along the Morse Mountain Road to sites 2A, 2B and 2C.  
(Participants may elect to walk to the sites, but will need to account for walking time between sites.) 
 

General Background.   
 

Sprague Marsh is located in the Bates Morse Mountain Conservation Area (BMMCA) in Phippsburg Maine.  It 
is approximately 2 km long and has an average width of 0.5 km, occupying an area of ~1 km2 (refer to Figure 2).  It 
is confined by bedrock uplands on the east and western boundaries (Morse Mountain to the east) and the largest 
undeveloped barrier spit in Maine to the south (Sewall Beach).  The dune and backdune area of Seawall Beach is 
broad and characterized as the largest parabolic dune system in Maine (Nelson and Fink, 1978).   BMMCA is listed 
as a Focus Areas of Statewide Ecological Significance (Maine Natural Areas Program), as part of the Kennebec 
Estuary. 

 
The bedrock geology of the Sprague Marsh and surrounding uplands includes the metamorphosed sedimentary 

rocks of the West Marsh Formation (late Ordovician) to the west abutting the Morse Mountain granite (Devonian) 
along the eastern margin of the marsh (Eusden et al., 2016).  The discovery of the granofels and amphibolite 
members within the nonrusty schists of the West Marsh Formation in this region argues for its correlation to the 
Scarborough Formation (Eusden et al., 2016).  These rocks originated as sediments in a backarc basin during the 
Taconic Orogeny, and were metamorphosed and deformed in the Salinic through NeoAcadian orogenies.  For more 
detailed information on the bedrock geology of Small Point, Phippsburg, the reader is referred to Dyk Eusden’s 
NEIGC fieldtrip on Oct 15, 2016 and accompanying fieldtrip guide (Eusden et al., 2016), this volume. 

 
The bedrock is draped in a thin layer of till and the Presumpscot Formation (glaciomarine clay), both of which 

mark the presence and retreat of ice through various stages of sea level.  The beach and back barrier dune system is 
supplied primarily by sand from the Kennebec River and offshore paleodelta deposits.  In the marsh, the inorganic 
sediments are coarser and sandier to the south, indicating the reworking of sediments from the beach and dune 
system and finer to the north, indicating incorporation of more Presumpscot into the sediments.  The marsh peat is 
thickest in the north and thinnest in the south (Russ, 2013).  

 
History of Human Impacts.   
 

The degree to which BMMCA was inhabited/farmed/deforested/mined and the transfer of lands over its history 
is detailed up to 1990 in Curi (1990, 1991).  The following is a brief account of human activity in the BMMA with a 
special focus on the Sprague River Marsh.  The reader is strongly encouraged to read Curi (1990, 1991) for more 
details.   

 
Prior to European arrival, archaeological shell middens provide important clues about foods eaten and resources 

exploited and the technologies used by the region’s earliest occupants.  A small shell midden located along the SW 
border of Sprague Marsh (which has yet to be dated) indicates that people were fishing and digging for clams within 
the marsh and in the surrounding tidal flats at some point over the last few thousand years.  Given the sporadic 
temporal and spatial nature of these deposits around the marsh, the activities of the Native Americans probably did 
not have any long-term impact.   
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European settlement of the area began in earnest in 

1716 when the Pejepscot Proprieters offered 50 acres of 
land (5 acres of which would be salt marsh) to the first 50 
families who settled in Small Point/Phippsburg (Curi, 
1990; Curi, 1991).  By 1792, the Sprague River salt marsh 
was divided into 23 parcels which were used for grazing 
and salt marsh hay production (Figure 10).   

 
In the mid to late 1800s, a cranberry meadow was 

created in the backdune area to the SE of Sprague Marsh.  
Grazing and the harvesting of marsh hay was continued up 
until the 1920s.   

 
In 1942, the US Army built a lookout at the top of 

Morse Mountain to surveil the mouth of the Kennebec and 
protect the Bath Iron Works during WWII.  They vacated 
the premises in 1946, but tarred the road across the 
northern end of the marsh and the Sprague River (hereafter 
referred to as the causeway and the troll bridge; STOP 2A) 
and to the top of Morse Mountain (STOP 2B). 

 
In the 1950s, modifications of the marsh were 

centered on draining the water from pools and shallow 
depressions on the marsh surface (to reduce mosquito 
habitat).  Locals dug networks of ditches through the 
marsh peat from the pools to the tidal channel.  Grid-
ditching was a common practice at this time; 
approximately 90% of the marshes in New England were 
ditched during the 1930s.  It is estimated that the ditching 
of the Sprague marsh continued until the 1960s. 

 
In 1958, Junior Mellen, used a dragline excavator (or 

bulldozer, the reports are not clear) to straighten the 
Sprague River channel for rapid draining.  As a result, the 
major channel of the Sprague River still flows in a 
relatively straight line oriented N-S.  The natural stream 
channel exists as a secondary dead-end feature on the 
marsh surface.    

 
 

Figure 10 (image to the right).  Map of Sprague Marsh 
(also known as the Great Marsh) drafted in 1792 
demonstrating ownership of 23 parcels of the marsh.  

 
Restoration.   
 

Major restoration projects on Sprague Marsh began in January, 2000.  Specifically, the goals were to lessen the 
impacts of tidal restrictions on the marsh north of the causeway and the troll bridge (STOP 2A) and to reintroduce 
pool habitat to the surface again via ditch-plug restoration (STOPS 2A and 2C).  In January, 2000, perimeter ditches 
were dug around the northern part of the marsh in an attempt to limit freshwater inflow and growth of invasive 
species such as Phragmites australis.  Two days into the project, the marsh iced over and this part of the project was 
abandoned.  In June 2002, three ditch-plugs were installed north of the causeway, and the channel was dredged just 
to the south of the causeway.  The dredge spoils were removed from the marsh and used to expand the Shortridge 
parking lot.  In the fall of 2002, 11 ditch-plugs were installed in the southern end of the marsh (STOP 2C).  In April 
of 2006, the troll bridge was widened to improve tidal flow to the northern end of the marsh. 
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STOP 2A.  CAUSEWAY ACROSS THE NORTHERN END OF MARSH (2:45-3:00 pm arrival) 

 
Directions and Background.   
 

From the BMMCA parking lot, follow the Morse Mountain Road to the causeway.  The distance from the 
parking lot to the causeway/STOP 2A is ~ 0.4 miles.  The causeway has been in place since at least the 1940s.  The 
original bridge over the Sprague Creek (called “the troll bridge”) was undersized; consequently the marsh north of 
the causeway became fresher, and much of the marsh platform became springy and mushy (called “rotten marsh”).   

 
There are multiple points of interest at STOP 2A to investigate, including the marsh stratigraphy south of the 

causeway, the outcrops of the Morse Mountain granite, the three ditch plugs, and the erosion of the creek bank, 
which appeared after the troll bridge was modified (Figure 11). 

 

 
 
Figure 11.  Points of interest for STOP 2A, including the causeway (road across the marsh) and “troll bridge” 
(eastern side of the causeway), location of ditch plugs (X), and location of cores taken (vc1, vc2) for 
stratigraphic cross section presented below and in Figure 12. (Satellite image taken 8/15/13.)   
 

Stratigraphy.    
 

To the south of the causeway, the marsh is relatively healthy.  The peat has a good firm structure, and the 
vegetation is healthy.  The stratigraphy illustrates the evolution of the marsh as sea level rises (Figure 12; Beirne, 
2005).  The basal organic layer is derived from a freshwater peat or terrestrial plants.  This is overlain by tidal 
stream channel/tidal flat sediments which were colonized by low marsh plants. Wood fragments 14C-dated at 3700 
+- 80 cal yr BP (Johnson et al., 2007) were washed into the system and the initial low marsh failed.  The wood may 
have been derived from the surrounding uplands (perhaps mobilized by firing of the landscape), or washed in from 
the tides or storm events.  Overlying the wood chips is a thick sequence of tidal stream channel/intertidal sandy silt, 
with some marine shells and no evidence of low marsh plants.  Radiocarbon dates of the wood and shells in this unit 
provide a sedimentation rate of ~0.3 cm/yr for this unit (Johnson et al., 2007).  This rapid period of marine sandy silt 
deposition may correspond to a relative increase in the rate of sea level rise and sediment accretion.  Alternatively, 
these sediments may represent rapid meandering and reworking of the tidal stream across the marsh.  Overlying the 
sandy silt, low marsh plant roots and rhizomes grade into higher marsh plants.   There is evidence of a storm deposit 
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at about 50 cm (2-3 cm layer of sand), and perhaps a buried panne near the surface. At STOP 2A, we will take a 
couple of sediment cores south of the causeway to get a sense of the stratigraphy and history of the marsh.   

 
Figure 12. Stratigraphy, correlations and interpretations of 2 vibracores (labeled vc1 and vc2 on Figure 11) 
collected along a west-east orientation approximately 30 m south of the causeway (from Beirne, 2005). 
 

Three Ditch Plugs.   
 

At STOP 2A, there are three ditch plugs north of the causeway, installed in 2002.  The consequent change in 
hydrology has resulted in a major interconnected water feature on the marsh surface.  The pools are shallow and 
varied in terms of the biogeochemical cycling within, and the marsh platform (which was a healthy high marsh 
platform prior to ditch plug installation) is now spongy, decomposed and “rotten” in many places.  Fresh/brackish 
water vegetation is encroaching onto the marsh. The plugs are best viewed on the east side of Sprague River.  Please 
say off of the ditch plug/pool surface itself, on the west side of the Sprague River, as it is a fragile system, and the 
marsh surface is relatively weak. 
 
Morse Mountain Granite.   
 

At STOP 2A, on the south side of the troll bridge, you will see the contact of the Morse Mountain Granite with 
the West Marsh Formation.  Other outcrops of the Morse Mountain Granite can be found within the marsh on the 
north side of the causeway. 

 
STOP 2B.  TOP OF MORSE MOUNTAIN (4:00-4:15 pm arrival). 
 

From the causeway, follow the Morse Mountain Road to the top of Morse Mountain/STOP 2B.  The distance 
from the causeway/STOP 2A to the top of the mountain is ~ 0.5 miles with an elevation gain of approximately 200 
feet.  Here you will see a lovely view of the marsh, including the original channel and mouth of the Sprague River, 
the backdune system, the upland forests, Sewall Beach, and Small Point.  On a clear day, you will see across Casco 
Bay to Portland to the southeast, and on a very clear day, Mt Washington to the west. There are two private homes at 
the top of the mountain, so participants are asked to mind the signs directing visitors to the public outlook on the 
granite outcrop.  
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STOP 2C.  SOUTHEASTERN END OF SPRAGUE MARSH (4:45-5:00 pm arrival). 
 

From the top of Morse Mountain, follow the Morse Mountain Road to the southeastern area of Sprague Marsh, 
STOP 2C for approximately 0.75 miles, and an elevation loss of 200 feet.   Entry to the marsh here is to the south, 
and is very wet.  Participants are asked to move carefully along the edges of the marsh here, to minimize impact on 
an already fragile system, and for safety’s sake.  Once you get level with the first granite outcrops in the middle of 
the marsh, it is fine to walk on the marsh platform.  At STOP 2C, we will take a look at 4 of the 11 ditch plugs 
installed in 2002 (Figure 13). 

 
 

 
 
Figure 13.  Points of interest at STOP 2C, where P = parking area, X1 = largest ditchplug, other X = other  
ditchplugs.  White arrows represent direction of groundwater flow in two similar alcoves along the margins of  
the marsh (from Barry, 2012).  (Satellite image taken 8/15/13.)   
 
One of the ditch plugs (X1) is located closest to the margins of the marsh, and the barrier to flow combined with 

proximity to fresh groundwater inputs from the surrounding uplands has created a very interesting set of conditions 
on this section of the marsh.  The hydrology of the marsh is significantly altered here; we now have a massive water 
feature on the surface and an effective barrier to groundwater flow.  Here, ground water flow moves to the south as 
opposed to towards the tidal channel and center of the marsh, as seen in other marginal areas of the marsh (Figure 
13).  This may due to the effectiveness of the ditch plug as a dam and the fact that permeable sands lie to the south 
of the site.  The marsh platform is springy, lacks strength, and is breaking down relatively rapidly, such that there is 
a small basin behind the ditchplug.  Changes in vegetation and biogeochemical cycling have occurred, and there is 
some evidence of sulfide toxicity on the marsh east of ditchplug X1.   
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Ditch Plug Restoration and Reduced CO2 Uptake.   
 

Using satellite images, we calculate that the area of salt marsh grasses lost due to the ditch plug restoration in 
this section of the marsh to be approximately 1 ha.  Assuming average annual carbon sequestration rates of 8 tons 
CO2e ha-1yr-1 in healthy salt marshes (Murray et al., 2011), the loss of CO2 drawdown by emplacement of this ditch 
plug corresponds to the amount of CO2 generated by complete combustion of approximately 970 gallons of octane 
(gasoline), or the amount of gasoline burned by one car driven by the average American over a period of time of 1.5 
years (assuming 25 mpg and 15,000 miles driven annually).   

 
The other ditch plugs are located further away from the marsh margins and more towards the marsh center.  The 

impact of the ditch plugs is minimal here; long linear pools have been created, and in some cases the surrounding 
marsh is more saturated, but overall, the ditch plugging restoration seems to be going OK.  If there is time, 
participants can explore the backdune system just south of here, where evidence of historical dyking, excavation and 
farming for cranberries exists. 

 
Restoration, Carbon Benefits and Climate Mitigation.  
 

When comparing and contrasting the carbon benefits associated with restoration of the two marshes we have 
visited today, we estimate an annual reduction in emissions of ~0.5 tCO2e/ha for the tidal restoration at Long Marsh, 
and an annual increase in emissions of ~8 tCO2e/ha at the ditch plug restoration in Sprague Marsh.  Yes, these two 
types of salt marsh restoration work against each other, in terms of carbon drawdown and climate mitigation.  If 
carbon sequestration is the most valued ecosystem service in these marshes, these data suggest that hectare-for-
hectare, revegetating a pool created from a previously vegetated surface will have a 16x greater impact on carbon 
drawdown than restoring tidal flow to an area that has become brackish and is emitting CH4.  These are some of the 
first data generated for cost-benefit analyses of marsh restoration from a carbon perspective.   

 
The reality is, there are often competing interests that drive any type of restoration.  Questions about what we 

value most in our salt marshes (carbon sequestration vs more habitat for fish and shore birds, for example) are not 
simple to answer in today's rapidly changing world.  Answers will require discussion and compromise and flexibility 
among the various stakeholders over the years to come. 

 
END OF FIELDTRIP, 5:30 pm.  
 

Return to vehicles the way we came in, via the Morse Mountain Road (~1.75 miles), and proceed to Bath for 
welcoming reception at the Winter Street Center, in Bath (approximately 30 minute drive from the BMMCA parking 
lot).  THANKS FOR JOINING US! 
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INTRODUCTION 

 This field trip will examine the Ordovician stratigraphy and Silurian through Permian deformation and 
metamorphism along the spectacular coastal outcrops of Small Point, Maine. There is one moderate walk along dirt 
roads and the coastline of about 2.5 miles and three other easy walks of about a mile each.  All of the STOPS are on 
private land that is very strictly controlled and posted. Figure 1 shows the location of Small Point and the STOPS for 
the field trip. 

 The stratigraphy we present here is a revision of that originally proposed by Arthur Hussey and most 
recently updated by him in 2012 (Hussey, 2012). Figure 2 shows Hussey's 2012 bedrock geologic map. Our 
interpretation differs from his in that we mapped the rocks at Small Point as an east younging, structurally 
overturned section without significant stratigraphic discontinuities. The structural geology was studied well by 
Hussey and Berry (2002) and Swanson and Bampton (2009). Our five stage structural model for the deformation 
blends aspects of both previous researchers and focuses on D3 regional folding event and D4 dextral shearing along 
the Phippsburg Shear Zone. Hussey and Berry (2002) and Grover and Lang (1995) studied the metamorphism at 
Small Point and the latter pair visited our last STOP on their own NEIGC trip. Our interpretation of the 
metamorphism focuses on the isograd pattern of M3 metamorphism and an older M2 metamorphism with relict 
mineral assemblages and textures.  

 Our work to remap the bedrock geology of the Small Point region was a USGS EdMap project supported 
by the Maine Geological Survey and completed during the field season of 2011. Four Bates students, Doolittle, 
Lindelof, Miller, and Sive, all participated in the bedrock mapping and then each did a full year senior thesis on a 
specific aspect of the geology (Doolittle, 2012, metamorphism; Lindelof, 2012, rock-water geochemical 
interactions; Miller, 2012, Phippsburg Shear Zone and Sive, 2012 geologic map). Tim Grover has joined us on this 
field trip to offer his insights on the metamorphism as well as the overall geologic setting in a region where he has 
spent numerous field seasons of mapping. 

REGIONAL GEOLOGIC AND TECTONIC SETTING 

The bedrock at Small Point is composed of the Middle to Late Ordovician Casco Bay Group, part of the 
regional Merribuckfred Basin that was deposited on peri-Gondwanan basement in an active plate setting, 
presumably an arc, of poorly constrained plate geometry (Hussey et al., 2010). The traditional units of the Casco 
Bay Group are, from oldest to youngest, the Cushing, Cape Elizabeth, Spring Point, Diamond Island, and Scarboro 
Formations. Figure 3 shows a possible plate tectonic reconstruction for the Casco Bay Group from Hussey et al. 
(2010) and two stratigraphic correlation charts, one for Maine and New Hampshire (Hussey et al., 2010) and the 
other for the rocks we mapped at Small Point. We have chosen to use local geographic names (e.g. Aliquippa, Cape 
Small, etc.) for the revised stratigraphy shown in Figure 3C. 

Subsequent to the deposition and eruption of the Casco Bay Group onto a Ganderian fragment, the rocks 
were impacted by the numerous orogenic cycles. The first was the Early Silurian Salinic Orogeny as the 
Tetagouche-Exploits basin closed reuniting two wayward pieces of Gander (Reusch and van Staal, 2012). This was 
then followed by an early Acadian Orogenic phase in the latest Silurian as the leading edge of Avalon collided with 
composite Ganderia (Bradley et al., 2000), and in turn was followed by a later phase of the Acadian (Early to Middle 
Devonian?) as the oblique collision continued (Hussey et al., 2010).  In the Late Devonian to Early Carboniferous, 
Meguma obliquely collided with everything else to the west initiating the Neo-Acadian Orogeny characterized by 
dextral strike slip motion along the expanding Norumbega Fault Zone (Swanson, 1999). The culminating 
Pangea-forming Paleozoic collision was the Alleghanian Orogeny in the Permian when Gondwana collided 
obliquely with the rest to the west (Wintsch et al., 2014). In the Triassic and Jurassic continental breakup began as 
Pangea rifted apart. To widely varying degrees, all of these events have left both deformational and/or metamorphic 
imprints on the rocks at Small Point.  

STRATIGRAPHY 

 Our new bedrock geologic map is shown in Figure 4. W have interpreted the metasedimentary units as 
younging to the east but overturned in the inverted limb of an early D1 or D2 nappe-scale fold with poor structural 
control. Though there are preserved primary bedding features in many places, typified by interbedded schists and  
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Figure 2. A) Regional geologic setting of the Casco Bay 

Group from Hussey et al. (2010). Small Point region shown 

in box. B) Bedrock geologic map and legend (C) of Small 

Point, Maine by Hussey (2012)
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Figure 3. A) Correlation chart 

of stratified units in Maine and 
New Hamshire from Hussey 

et al. (2010). B) Stratigraphic 

correlation of units mapped 
by us at Small Point to the 

Casco Bay Group of Maine.  
C) Possible Ordovician plate
tectonic setting for the Casco 

bay Group from Hussey et al. 

(2010).
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quartz-rich granofels, there was only one convincing topping indicator; a reversed (via metamorphism), inverted, 
graded bed (STOP 5). This lack of topping control makes lithologic correlation to other sections of the Casco Bay 
Group the only way to establish stratigraphic order. The new stratigraphy uses local names that we have correlated 
to the traditional formational names in the region. Nearly all of the contacts between the units are somewhat 
gradational. From oldest to youngest the stratigraphy consists of the following units: 

Cape Small Formation with its two main members, the Cape Small Silver Schist and the Cape Small Rusty Schist. 
These units are all correlated to the Cape Elizabeth Formation. 

Cape Small Silver Schist (Ocsss), a schist with the submembers Singing Sands Schist a staurolite-rich 
silver schist (Ossss) and the quartz-rich granofels member (Ocsss-g). Thin calc-silicate units are  
infrequently found throughout these units.  

Cape Small Rusty Schist (Ocsrs), a deeply rusty weathering schist and with numerous interlayered horizons 
of Icebox Amphibole-rich Calc-silicate (Oiacs).  

Alliquippa Formation a moderately rusty weathering schist (Oars) with members Aliquippa Amphibolite (Oaa) and 
Aliquippa Marble (Oam). These units are correlated to the Spring Point Formation. 

Graphitic Phyllite (Ogp), a black, rusty weathering, phyllitic schist that is correlated to the Diamond Island 
Formation. 

West Marsh Formation with its six different members that are all correlated to the Scarboro Formation. 
West Marsh Rusty Schist (Owmrs), West Marsh Schist (Owms), muscovite-rich West Marsh Schist 
(Owms-m), garnet-rich West Marsh Schist (Owms-g), West Marsh Amphibolite (Owma), and West Marsh 
Granofels (Owmg).  

The West Marsh Formation is found in the northeast portion of the map (Fig. 4). This is one area where our 
map differs significantly from Hussey's 2012 map (see Fig 2B). He correlated most of these rocks to the Cape 
Elizabeth Formation (Oqs on Fig 2C). Our recognition of the granofels and amphibolite members within the non-
rusty schists of the West Marsh Formation makes this section very different lithologically from the Cape Small 
Formation that both Hussey and us agree are correlative to the Cape Elizabeth Formation. Amphibolites and calc-
silicate granofels in the Cape Small Formation are typically within deeply rusty weathering schists. Juxtaposition of 
the West Marsh Formation against the Graphitic Phyllite (yellow unit in the middle of the map, Fig. 4), a very good 
correlative to the Diamond Island Formation, further justifies our interpretation.  Our interpretation that there are 
several different amphibole-rich calc-silicate units in the Cape Small Formation at Ice Box Beach (Oiacs on Fig 4) is 
also significantly different from Hussey (2012) who interprets these as a single unit repeated by isoclinal folding 
(Obc on Fig 2B). The different outcrop expressions and internal characteristics of the units led us to believe these 
were different horizons.  We also did not find any evidence of early, macroscopic, isoclinal fold hinges that would 
repeat these units, supporting our interpretation of a more complex stratigraphy and simpler structure. The remainder 
of our map (Fig 4) and Hussey's 2012 map (Fig 2B) are quite similar in both shape and stratigraphic correlation, 
give or take a few structural details here and there.  

STRUCTURAL GEOLOGY 

The history of deformation at Small Point is complex and multi-phase. All previous researchers have 
recognized this and we offer here a revision to the deformation sequence by combining our observations with those 
of Hussey (Hussey, 1988 and 2012; Hussey and Berry, 2002) and Swanson (Swanson, 1999; Swanson and Bampton, 
2009). We interpret the deformation as having formed in a 5-stage model, D1 through D5.  

First Deformation - D1
D1 is characterized by a penetrative early S1 schistosity and very rare F1 isoclinal folds of relict bedding (S0).  
Though the timing is poorly constrained, this deformation event seems most likely to be related to the Salinic 
orogeny sometime in the early Silurian.  

134



EUSDEN, DOOLITTLE, GROVER, LINDELOF, MILLER, AND SIVE B1-7	

Figure 4. New bedrock geologic map and cross sections of Small Point, Maine. *1 STOP locations
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Second Deformation - D2
D2 is characterized by a second penetrative schistosity, S2, and fairly common, but infrequent F2 isoclinal folds of 
especially metamorphic quartz veins, S1 schistosity, and less so relict bedding (S0). S2 schistosity is seen cutting S1 
schistosity in many thin sections from Small Point and we will hopefully see it in outcrop at STOP 5.  Hussey 
(1988) recognized these two structural fabrics referring to them as F1 and F1a. As with D1, the timing of D2 
deformation is poorly constrained and hypothesized to be part of the earliest Acadian Orogeny in the latest Silurian. 
The deformation created by the combined effects of D1 and D2 most likely produced what we interpret to be an 
overturned stratigraphy, albeit poorly constrained by one graded bed. 

Third Deformation - D3
D3 folding in turn strongly deforms the earlier fabrics and is characterized by widespread folding at the meso and 
macro-scales. Most folds that you will see on the trip are of D3 age. Four macro-scale folds are easily recognized by 
regional changes in the attitude of the composite fabric S0/S1/S2. From east to west the macroscopic folds are: Seal 
Island antiformal syncline; Cape Small synformal anticline; Head Beach antiformal syncline; and Hermit Island 
synformal anticline. The fold form of these macro-scale structures changes progressively from tight, upright folds in 
the north (cross sections A-A' and B-B' Fig 4) to broad, open to gentle folds in the south (cross section C-C' on Fig 
4). 

All mesoscopic folds, with a few exceptions, plunge gently to the south (ave. F3 trend and plunge = 188, 
28) with predominately west, but many east, steeply dipping axial surfaces striking N-S (ave. S3 axial plane = 181,
71).  The axial plane is defined by a spaced S3 cleavage and rarely a weak S3 schistosity. Meso-scale folds are quite 
variable in their distribution and intensity in the Small Point area. In general the most abundant meso-scale folds 
occur in trains with 3-4 anticline crests per every .5 meter. These zones of abundant F3 folds are mostly limited to 
the Cape Small Formation and especially the Cape Small Silver schist (Ocsss), which we will see at STOPS 4 and 5. 
This is in stark contrast to the fold density of the West Marsh Formation where few if any meso-scale F3 folds are 
found. We speculate that these units may exhibit different multilayer rheologic properties where the West Marsh 
Formation, with mostly just massive schist and no rigid interbeds, folds less, and the Cape Small Formation, with 
thin rigid interbedded quartz-rich granofels and garnet coticule layers in the schists, folds the most.  

Hussey's (2012) map of the Cape Small synformal anticline (Fig 2B) is nearly identical to ours (Fig. 4), 
however our map pattern of the other three macroscopic D3 folds differs in location of the axial traces. The other 
major difference between our map and Hussey's (2012) is his use of multiple D2 macroscopic fold hinges on the east 
side of Small Point near STOP 3.  In these places Hussey (2012) connects his units Oma, Ogr, Ors, and Obc (see Fig 
2B) together with isoclinal hinges that are shown folding around either underwater or in thick woods with little 
outcrop and thus poor control. Because we did not see any evidence for D2 macroscopic fold hinges, we favor a 
more complex stratigraphy with fewer repetitions by folding in an overall less complex structure dominated by D3 
macroscopic folding. The age of D3 is poorly constrained but likely records the culminating effects of the Early to 
Middle Devonian Acadian Orogeny.  

Fourth Deformation - D4
D4 is restricted to the western part of Small Point and in particular Hermit Island. It is part of the Phippsburg Shear 
Zone, a dextral-oblique, ductile transitioning to brittle, shear zone that is probably a splay off of the Norumbega 
Fault. Figure 5A shows a structural model for the entire shear zone width in the vicinity of Small Point. As one 
moves west across Small Point and approaches Hermit Island, the composite fabric S0/S1/S2 changes orientation 
from that dominated by D3 folding (with both east and west dips of S0/S1/S2), to an east-only dipping domain of 
S0/S1/S2 at Hermit Island (STOP 6). The boundary between dip domains is sharp and shown on Figure 5C.  A south 
plunging quartz rod lineation, some exhibiting sheath fold-like properties, also increases in intensity as one 
approaches Hermit Island and the east dipping S0/S1/S2 domain.  

Open and gentle D3 folds transition to tight to isoclinal folds with a stronger S3/S4 axial plane schistosity in 
the shear zone.  In places west of Hermit Island (e.g. STOPS 4 and 5) mineral lineations defined by aligned 
sillimanite, quartz, and mica, parallel to F3 hinge lines fill the gaps between pieces of boudined andalusites. This 
may record the transition from D3 to D4 as hinge parallel extension possibly related to regional extrusion begins 
(Swanson and Bampton, 2009). A structural model showing the transition from D3 to D4 is shown in Figure 5B.  
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Figure 5. Structural geology at Small 

Point. A) Phippsburg Shear Zone model 

showing regions of varying shear strain 

and deformation. B) Deformation 

model for Hermit Island showing D
3
 

through D
5
 deformation. C) Dip domain 
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the edge of the Phippsburg Shear Zone. 

D) Shear strain map calculated from
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. E)  Region of 
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single arrow pointing south (Swanson 

and Bampton, 2009). Regional, south 
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zones are linked to a restraining bend 
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(bold black line). F) Swanson’s (1999) 
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limbs are produced by dextral shear. 
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Shear strain values, as measured using quartz and granitic veins that were emplaced orthogonal to S0/S1/S2
and then dextrally rotated, range from zero in the west to shear strain values of 5-10 at Hermit Island. A map of 
shear strain values for Hermit Island is shown in Figure 5D.  These veins and intrusions are now oblique by about 
20° to S0/S1/S2 and exhibit excellent forward rotated boudinage. Dextral kink bands infused with tourmaline (schorl) 
mineralization accompanied the intrusion and formed during rotation of the granitic veins. Enigmatic S-shaped folds 
of some of these granitic veins developed by dextral rather than sinistral shear as the veins rotated through the 
shortening field and then became extended and boudined. A model of how this might work from Swanson (1999) is 
shown in Figure 5F. As exhumation progressed during shearing, late stage, bookshelf style, sinistral brittle faults 
developed in some of the granites, again in an overall dextral strain regime. Taken together these D4 structures 
record a continuous and protracted period of ductile to brittle-ductile to brittle, dextral shearing during exhumation. 

We support the transpressional model presented by Swanson and Bampton (2009) and shown in Figure 5E 
calling for crustal scale extrusion of a midcoast block bounded on the west by the dextral Phippsburg Shear Zone 
and on the east by the sinistral Pemaquid Shear Zone. We offer a wrinkle to this model and suggest that at least the 
tail end of the shearing was transtensional. This is supported by the overall dextral motion, the east dipping domain 
of the S0/S1/S2 shear zone fabric, and the south plunge of the shear zone quartz rod lineations. These suggest a 
kinematic model dominated by strike slip but with a subordinate normal component of dip slip created by 
transtension (see Fig 5B cartoon d). Though poorly constrained, D4 shearing most likely began at the very end of the 
Acadian Orogeny, and continued through both the NeoAcadian (Late Devonian-Carboniferous) and Alleghanian 
(Permian) Orogenies. Hussey (2012) does map a shear zone at Small Point but not at Hermit Island. His zone of 
"highly deformed rocks" lies to the east near the Sprague Marsh (Fig 2B). This shear zone has no kinematic 
information reported and is drawn based on map-scale truncations of units. We did not see evidence to support this 
shear zone.   

Fifth Deformation - D5
D5 is characterized by a late brittle fault seen north of Icebox Beach (thin red line near STOP 3 on Fig. 4) and is 
probably associated with normal faulting perhaps at the end of the Alleghanian (Permian) and into the initial 
breakup of Pangea in the Triassic. There is truncation of the amphibolite-calc-silicate units in the Cape Small Rusty 
Schist and widespread development of cm-scale crenulations (axial plane of 193°, 15°; hinge line trend and plunge 
of 196°, 9°). The relationship between D4 shearing and D5 faulting associated with these crenulation is unclear as 
they appear in geographically separate areas. Hussey (2012) maps similar late faults in the same region though with 
a different spatial pattern, and another late fault he named the Phippsburg Fault near Head Beach that we did not see. 

METAMORPHISM 

Two Buchan-style (low P, moderate T) metamorphic events, M2 and M3, have been found in the area (Dunn 
and Lang, 1988; Lang and Dunn, 1990; Grover and Lang, 1995). M1 has been reported by West et al. (2008) and 
Guidotti (1989) in coastal and western Maine, but not found by us at Small Point. D1 is probably synchronous with 
M1, M2 and D2 are synchronous, and D3 develops before M3, which is synchronous with D4. A schematic PT diagram 
showing the path of metamorphism linked with the deformation at Small Point is shown in Figure 6D. 

M2 Event 
The first of these metamorphic events at Small Point (M2) occurred during D2 isoclinal folding in the Early Acadian 
Orogeny and developed the dominant S2 foliation defined by an early biotite + muscovite foliation and inclusion-
rich, poikioblastic garnet cores. Relict staurolite-andalusite grade assemblages typify M2 in the entirety of Small 
Point, and as such no isograd maps can obviously be made. Pseudomorphs of M2 andalusite by M3 muscovite and 
inclusions of relict M2 staurolites preserved as inclusions in the larger M3 andalusites are the typical manifestations 
of the M2 staurolite-andalusite grade. M2 has been strongly overprinted by M3, which is slightly higher in 
metamorphic grade. The M2 biotite foliation, S2, is clearly folded by D3 establishing its pre-D3, syn-D2 relative order 
in the sequence of geologic events at Small Point. Grover and Lang (1995) and Hussey and Berry (2002) previously 
recognized M2. 

M3 Event 
The next event (M3) was syn-D4 shearing (Phippsburg Shear Zone) in the NeoAcadian and Alleghanian Orogenies 
and shows a second generation of less to non-foliated biotite and muscovite, clear garnet rims, fresh staurolite  
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Figure 6. Metamorphism at Small Point, 
Maine. A) Isograd map from Hussey and 
Berry (2002) showing staurolite-out isograd 
and migmatite front. Small Point region 
is outlined by the box. B) Isograds and 
mineral assemblages in the Harpswell-
Small Point region by Grover and Lang 
(1995). All of their samples in the Small 
Point region are in the sillimanite zone with 
the assemblage Grt+Bt+Sil+And+/-St. Box 
shows the Small Point area. C) Our isograd 
map for the Small Point region. We refined 
the position of the M3 staurolite-out isograd 
and drew the M3 andalusite-out isograd. M2 
assemblages are all within the andalusite-
staurolite zone and variably overprinted 
by M3. STOPS = *1. D) Possible P-T path 
and metamorphic reactions with phases 
of deformation D1-D4 and metamorphic 
events M1-M3 labelled along the path. Phase 
bondaries from Theriak Domino.
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showing a later staurolite out reaction, F3 hinge parallel fibrolitic sillimanite filling between boudined andalusite, 
and fibrolite pseudomorphic lenses of M2 and/or M3 staurolite or andalusite. M3 sillimanite is present in all thin 
sections we studied which is why Grover and Lang (1995) placed the entire M3 assemblage at Small Point in the 
sillimanite zone (Fig 6B). We were able to map three M3 metamorphic zones: a staurolite+andalusite+sillimanite 
zone (Zone I) terminating against the staurolite-out isograd; an andalusite+sillimanite zone (Zone II) stopping at the 
andalusite-out isograd; and a sillimanite zone (Zone III). The isograd map for Small Point (Fig 6c) shows the grade 
increasing from the SW to the NE, towards the map-scale Morse Mountain granite in the northeast. This compares 
well to the map shown by Hussey and Berry (2002) with the exception that they did not map the 
andalusite+sillimanite zone and andalusite-out isograd (Fig 6A).  
 
 

DRIVING AND WALKING LOG FOR STOPS 
 
MEETING POINT FOR TRIP: (43.745037°, -69.837317°) 8:00 am at the Bates-Morse Mountain Public Parking 
Lot. From Bath, drive south on Rte. 209, continue straight on Rte. 216 at the left turn to Popham Beach (Rte. 206 
veers off to the left) and drive .8 miles where you take a left on Morse Mountain Road (dirt) to the nearby parking 
lot .1 mile down the road. Assemble here for an overview of the trip and logistics. Please pack your lunch and water 
as there are no options to pick up food along the trip.  There are no bathrooms except at the very last stop at Hermit 
Island in the mid-afternoon. Ticks and poison ivy are prevalent and the best strategy is to cover up with long pants 
and long sleeve shirt. Though the driving distance for this trip is only about 3 miles, the cumulative walking distance 
is about 5 miles along trails, the slippery intertidal region, and rugged rocky coastline. We will need to consolidate 
vehicles here as well. 
  
Mileage 
0.0 Walk .3 miles easterly on Bates-Morse Mountain access road to just before (W of) the causeway over the marsh. 
Outcrops are immediately south of the road in the woods and above the marsh. 
 
STOP 1 – Sprague Marsh: (43.743299°, -69.832685°; 1 hour)  
Stratigraphy: The upper section of the stratigraphy is exposed here in low woods outcrops with poison ivy and 
mosquitoes. There are no topping controls here and in most of the quad (we will show you THE one graded bed we 
found later in the day!) so the stratigraphic order is by correlation to other known sections.  Exposed from youngest 
to oldest and east to west in a structurally inverted (?) section are the following: West Marsh Granofels  (Owmg); 
West Marsh Amphibolite (Owma); West Marsh Garnet-rick Schist (Owms-g); Mica-rich West Marsh Schist 
(Owms-m); and West Marsh Schist (Owms). All contacts are gradational and a few scattered, undeformed 
pegmatites, granites, and/or aplites of the Morse Mountain Granite are found across the causeway to the east.   
 
The three varieties of West Marsh schist could easily be lumped as one unit; they were simply subdivided by 
variations in the mode of muscovite and/or garnet. The Amphibolite has nicely aligned amphiboles in thin section as 
well as quartz/plagioclase porphyroblasts with symmetric tails. The granofels has granoblastic texture with the 
assemblage quartz-plagioclase-muscovite-biotite. We would correlate all of these rocks to variations of the Scarboro 
Formation. We interpret the section to young to the east. This is differs significantly from the interpretation by 
Hussey (2012) where these same rocks are less subdivided and correlated by him to the Cape Elizabeth Formation.  
 
Structure: The attitude (right hand rule) of bedding/layering S0 (which is nearly always parallel to the principal 
foliation S1 and S2) is 160-180°, 50-70°. There is a conspicuous absence of any minor D3 folding here. The west dips 
and our stratigraphic assignment suggest that this is an inverted section, which, in theory, is on the limb of a regional 
D1 or D2 nappe-scale fold of unknown vergence.  The overall structure is controlled by a D3 synform as these 
outcrops are on the east limb of the south plunging Cape Small synformal anticline. There is no topping control, so 
lots of room for future reinterpretations, both stratigraphic and structural! As an example of this, Hussey (2012) 
recognizes a zone west of STOP 1 of “highly deformed rocks” that he interprets to be an unspecified shear zone that 
would juxtapose the Scarboro Formation to the west against the Cape Elizabeth Formation. We did not see this zone 
in the field nor the apparent truncations along it to the south and hence do not support its existence on our map. 
 
Metamorphism: These schists are without andalusite and staurolite placing them on the high-grade side of the M3 
andalusite-out isograd with an overall assemblage of bio+gar+/- sill. M3 is a local event likely caused by contact 
metamorphism associated with the Morse Mountain Granite and other plutons to the east and northeast. Garnets in 
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these schists are texturally zoned with relatively narrow, clear, inclusion-free rims, yielding to wider, inclusion-rich 
(ilmenite and/or graphite) cores.  Overall in the quadrangle, texturally zoned garnets occur to the east while unzoned 
garnets occur to the west and at lower M3 grades. Our interpretation is that the texturally zoned garnets record two 
episodes of garnet growth, first M2 (cores), then later during M3 (rims). M2 is an earlier regional event that developed 
during the Acadian Orogeny and throughout the quadrangle is at andalusite-staurolite grade, but here overprinted 
completely by the higher M3 assemblages.  
 
The M3 isograds presented here are modified and expanded from those of Hussey and Berry (2002) and Grover and 
Lang (1995). M2 assemblages have never been mapped in this region but have been discussed previously by Hussey 
and Berry (2002) and Grover and Lang (1995).  
 
Retrace walking route back to vehicles.  
 
0.3  Drive back to Rte. 216 and proceed left (south) down the road for .3 miles. Take a right (west) on 

 Aliquippa Rd.  
0.6  Drive another .3 miles to the boat landing and the end of Aliquippa Rd. There is very limited parking here 
 so we’ll have to be creative! 
 
 
STOP 2 – Aliquippa Landing: (43.741472°, -69.843853°; 1 hour) We will examine the rocks (low tide mostly) to 
the west and south of the boat landing. 
 
Stratigraphy: The next lower units in the stratigraphy are exposed here. Exposed from youngest to oldest (?) are the 
following units: West Marsh Rusty Schist (Owms-r); and the Aliquippa Rusty Schist (Oars). The difference between 
the rusty schists of the Owms-r and Oars is subtle and mostly based on the increased abundance of calc-silicate and 
amphibolite horizons in the Oars. The rusty weathering is moderate in both units. 
 
We would correlate these rocks to the Scarboro Formation (Owms-r) and Spring Point Formation (Oars). This 
agrees mostly with the interpretation of Hussey (2012) who correlates these rocks to the same formations.  
 
Structure: This is one of the rare places in the quad where one can see an early D2 fold refolded by a D3 fold. We 
have mapped this as a north plunging D2 macroscopic antiform refolded by a D3 antiform with a somewhat 
anomalous southeast trend. Due to the complex folding, bedding/layering is more variable, ranging from typical 
attitudes (RHR S&D) of 190-160°, 45-80° to less common attitudes of 10°, 80°.  Minor D3 folds are present but not 
as abundant as the exposures we will see later to the south. Due to the complex interaction of D2 and D3 fold 
generations, the D3 minor folds have both north and south plunges and as a result are somewhat atypical of D3 minor 
structures elsewhere which uniformly plunge southerly. D3 folds are also characterized by a smaller interlimb angle 
here and are classified as tight folds. This D3 fold parameter progressively changes to the south where the fold form 
changes to a much more open style. Overall in the quadrangle, D2 deformation is much less well constrained but is 
always characterized by a strong, pervasive, early foliation (S2) and in rare instances like this, isoclinal folds of 
bedding/layering and, in other places, quartz veins.  
 
The overall fold style and age is much the same as portrayed by Hussey (2012), however he maps the Phippsburg 
fault through here based on apparent stratigraphic offsets. We did not see this structure and would not support its 
existence. 
 
Metamorphism: As with STOP 1, these schists are without andalusite and staurolite placing them on the high-grade 
side of the M3 andalusite-out isograd with an overall assemblage of bio+gar+/- sill. These garnets also exhibit 
textural zoning from core to rim again indicating complex metamorphic growth during both M2 and M3. 
 
0.9  Retrace route on Aliquippa Rd. back to Rte. 216 and turn right (south).  
2.2  Proceed for 1.3 miles and turn left on to Club Rd (private). We have been given permission by the Small 
 Point Association to park our vehicles just south of the tennis court (43.724411°, -69.838024°) and then 
 walk to the next two stops from here. Bring your lunch! Walk south on Club Rd .3 miles to the Small Point 
 Association clubhouse (a green building). If there is time and interest we may quickly pop down to the 
 clubhouse beach to see the graphitic phyllite (Ogp) that is correlated to the Diamond Island Formation. Just 
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 south of the clubhouse turn right and ascend a set of concrete stairs to the top. Take the trail to the left at 
 the top of the stairs that goes along the ledges overlooking the ocean, the Cliff Trail (no sign), hugging the 
 water's edge until you arrive at the first private beach (Icebox Beach) a distance of about .3 miles. 
 
 
STOP 3 – Icebox Beach: (43.715366°, -69.836023°; 2 hours including walking time) We will examine the outcrops 
just above the high tide line as we walk generally south on Icebox beach. 
 
Stratigraphy: Exposed here are three units: the Cape Small rusty schist (Ocsrs); Icebox amphibolite and calc-silicate 
(Oiacs); and Cape Small Silver Schist (Ocsss) which is found both above and below the Ocsrs and Oiacs. The high 
cliffs to the east are made up of Cape Small Silver Schist (Ocsss) where original bedding (?) can be seen as layers of 
schist alternate with thin layers of quartz-rich granofels. Garnet occurs as both porphyroblasts and as thin 
discontinuous coticules.  Along the remaining length of Icebox Beach to the south are the deeply rusty weathering 
Ocsrs schists.  These are in places slightly magnetic due to pyrrhotite. Interlayered in many different locations are 1-
4 m wide amphibolites with or without calc-silicate. These resistant layers are featured prominently in these 
outcrops. Each layer is unique in its appearance and thickness, suggesting to us that these are individual units in the 
stratigraphy. We would correlate all of these rocks to the Cape Elizabeth Formation, as does Hussey (2012).  
 
Structure: The attitude of bedding/layering ranges from 180, 60 in the north section of the beach, to 130, 20 towards 
the southeast part of the beach as the layers fold through a regional D3 fold (east limb of the Cape Small synformal 
anticline or west limb of the Seal Island antiformal syncline). This is an area where the D3 macro-scale structures 
dominate and south plunging D3 meso-scale folds are less common.  We mapped a late, normal (?) fault that 
truncates the amphibolites to the east and is seen as a brittle structure in outcrop sometimes with associated local 
crenulations. We’ve termed these D5 features and they would represent the youngest deformation (aside from late 
joints) in the quad. 
 
Our interpretation of the stratigraphy and structures here differs significantly from Hussey (2012).  He interpreted 
the amphibolites and rusty schists as being repeated by D2 (?) isoclinal folding. We mapped a more complex 
stratigraphy and simpler structure. This was based on two things: 1) each amphibolite unit appeared to be 
lithologically unique; and 2) we did not see any early fold hinges repeating these units. Hussey (2012) also mapped 
several inferred faults here, one of which is similar to the location of the late fault described in the previous 
paragraph.  
 
Metamorphism: We have moved to slightly lower M3 grades at this STOP. Icebox Beach lies just west of, or on the 
low grade side of, the M3 andalusite-out isograd. In thin sections from the Cape Small Silver Schists at this locality 
coexisting andalusite and sillimanite can be found. In places the andalusite is partially to completely replaced, 
reflective of the proximity to the andalusite-out isograd. Relict M2 staurolites, preserved as inclusions in the larger 
M3 andalusites, are seen in thin section here. Garnets here continue to exhibit the textural zoning seen at the previous 
STOPS. 
 
At the south end of the Icebox Beach traverse we will follow a short 50 yd. walking trail to join Gun Club Rd. (dirt). 
Follow this road for .7 miles past the last houses on the Point via a grassy path to Navy Rd., go left down Navy Rd. 
about 50 yds, then right on a path through the dunes to Bald Head Cove, another private beach.  Pending the time, 
we’ll eat lunch either before or after looking at the rocks; enjoy the awesome view! 
 
 
STOP 4 – Singing Sands Beach: (43.705502°, -69.840564°; 2.5 hours including walking time and lunch) We will 
examine the outcrops just west of the Singing Sands beach by walking west across the ledges to the next beach. 
 
Stratigraphy: Exposed here are the oldest units (?) in the stratigraphy: Singing Sands Silver Schist (Ossss) and Cape 
Small Silver Schist (Ocsss). The “host” rock here is the Cape Small Silver Schists (Ocsss) which we saw at STOP 3.  
It has the relict bedding in the form of interlayered schists, granofels, rare calc-silicate layers, and discontinuous 
garnet coticule layers. The Singing Sands Silver Schist (Ossss) which forms 1-5 m thick bands of schist interlayered 
with the Ocsss and rendered mappable by the increase mode of coarse staurolite porphyroblasts. These rocks are 
correlated to the Cape Elizabeth Formation, in agreement with the stratigraphic assignment of Hussey (2012).  
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Structure: Bedding (S0) is again parallel to foliation (S1 and S2) and has attitudes of 90-110°, 30-40°.  We are just 
about on the axial trace of the macro-scale D3 Cape Small synformal anticline that plunges gently south. If we had 
time to walk the entire length of the beach to both the west and east, one would see the attitudes of S0/S1/S2 
progressively change defining the fold with an impressive wavelength of approximately 2 kms. Meso-scale D3 folds 
are pretty much everywhere with about 3 anticlines per every .5 meters. These folds are mostly open, upright, and all 
plunging to the south. S3 is a spaced axial planar cleavage here. The overall structure presented here is in good 
agreement with that described by Hussey (2012) 
 
Metamorphism: These outcrops should be in the “Shrine to Polymetamorphism”. Spectacular coarse-grained 
porphyroblasts of staurolite, andalusite, garnet, and biotite are found. These rocks are slightly lower grade than those 
we’ve seen at the previous STOPS and lie just about on the M3 staurolite-out isograd. The M3 mineral assemblage is 
staur+and+sill+gar+bio.  M3 staurolite can be as large as a 1-3 cm across and often exhibit cruciform twinning. M3 
andalusite occurs in strikingly large somewhat rectangular lumps ranging from 2-10 cm in length that in the correct 
light show a cleavage "flash" indicating these are single crystals. In thin section M2 staurolite inclusions are found in 
these M3 andalusites. An unusual texture exhibited by some of these M3 andalusite porphyroblasts is boudinage with 
the gaps filled with aligned M3 quartz, sillimanite, and muscovite. The extension direction implied by these 
boudined andalusites is parallel to the D3 meso-scale fold axes. One of the harder to find features here are the M2 
andalusite pseudomorphs that nicely record the relict M2 andalusite-staurolite regional grade. These porphyroblasts 
are completely replaced by muscovite yet preserve the andalusite shape. We have not seen convincing relict or fresh 
chiastolite crosses in either the M2 or M3 andalusites (Help us find one!). M3 garnets are both texturally zoned and 
unzoned and are typically up to .5 mm in size. 
 
At the west end of the ledges in east corner of the next beach we’ll pick up a trail (watch the poison ivy) taking us to 
Navy Rd. Follow the trail for about .2 miles, then head north on Navy Rd to the junction with Seal Cove Rd. Go 
downhill (southeast) on Seal Cove Rd. to Icebox Beach (about 100 yds) and retrace our steps on the Cliff Trail and 
Club Rd to the vans, a distance of about 1.4 miles.   
 
2.7 Drive the vehicles .5 miles south on Rte. 216 and take a right for Hermit Island Campground on Head 
 Beach Rd.  
 
2.9 Drive about .2 miles and park at the Head Beach Parking lot (43.719185°, -69.849865°), about .1 mile 
 before the Hermit Island campground complex. Walk to the beach and proceed south down the shoreline a 
 distance of about .3 miles from the van parking lot.  
 
 
STOP 5 – South Head Beach: (43.716011°, -69.850185°; 1 hour) We will examine the outcrops of Cape Small 
Silver Schist (Ocsss) and on the way, very quickly, an exposure of Icebox amphibolite calc-silicate (Oiacs).  
 
Stratigraphy: The exposure of Oiacs connects to those we saw earlier at Icebox Beach (STOP 3) and serves to 
demonstrate the extent of these amphibolite-calc-silicate units. Though we didn’t really appreciate it at the time, the 
outcrop of Ocsss south of Head Beach turns out to have the ONLY reliable topping indicator in the entire quad! 
Bedding grain size is reversed due to metamorphism and we’ll show you one pretty convincing reverse graded bed 
that indicates tops are inverted. We can debate at the outcrop the topping direction but this was “blessed” as inverted 
by preeminent geo-heavy weights Henry Berry and Arthur Hussey.  The grading is likely preserved here due to the 
thicker-than-normal quartz-rich granofels interbeds in the schist. D1 and D2 isolcinal folding is very difficult to see 
but most likely present in these rocks. As such, regional extrapolation of the significance of this single inverted bed 
should be done with appropriate caution! All of these rocks are correlated to the Cape Elizabeth Formation by us and 
also by Hussey (2012). 
 
Structure: In the Ocsss outcrop, bedding/foliation (S0/S1/S2) have attitudes of 50-90°, 30-40° to 270°, 30°. The 
exposure is located on the west limb of the D3 Cape Small synformal anticline and the east limb of the Head beach 
antiformal syncline. Minor D3 folds with meter-scale wavelengths are common and fold the earlier fabric elements 
S0/S1/S2. We’ll try to find the exposure here that shows S2 foliation oblique to and cutting the early S1 foliation. This 
argues for the existence of an early D1 and a late D2 set of isoclinal nappe-stage folds. We’ve seen this in scattered 
thin section and Hussey (2012 and 1988) shows this relationship in outcrop photographs from this area. The outcrop 
of Oiacs has a nice set of meso-scale D3 folds exposed. 
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Metamorphism: These rocks are at staurolite-andalusite M3 grade, the lowest we’ve seen today and the lowest in the 
quadrangle. M3 staurolite and andalusite are found but as abundant as at STOP 4. Thin sections here did not reveal 
very good relict M2 porphyroblasts. 
 
Retrace the walking route back to vehicles. 
 
3.0  Drive about .1 miles west toward Hermit Island Campground and park (43.720033°, -69.851566°). Walk 
 .5 miles northwest along the dirt Hermit Island campground road to the Bathtub.  
 
 
STOP – 6 Phippsburg Shear Zone at the Bathtub: (43.724535°, -69.857311°; 1 hour) We will examine a variety 
of structures at the Bathtub. Please be mindful of the poison ivy! 
 
Stratigraphy: As we walk west we remain in either the Ocsss or the Ocsrs with similar lithologies to what we have 
seen at other STOPS. The Bathtub is in the Cape Small Silver Schist (Ocsss) all correlated to the Cape Elizabeth 
Formation. Note that the number of granitic intrusions and quartz veins has increased in this region. 
 
Structure: These outcrops should be in the “Structure Hall of Fame!” The D4 Phippsburg Shear Zone is 
exceptionally well exposed here and shows a protracted period of post-D3 ductile through brittle-ductile dextral 
shearing that transforms the structures we have seen earlier. The overall dip of bedding/foliation is incredibly 
uniform with average attitude 15-30°, 60-80°.  This discrete and mappable east dipping domain is a hallmark of the 
shear zone. D3 folds have been transformed into tight to isoclinal shapes and now have a weak S3 schistosity. A 
strong quartz rod lineation has also developed in the earliest quartz veins trending circa 200°, 20°. Some of these 
veins exhibit sheath-like fold forms where the plunge steepens sharply, indicating ductile conditions and high 
strains.  Intrusion of quartz veins continued after the quartz rod lineations formed as did intrusion of M3 quartz-
andalusite-silllimanite veins and coarse granites and pegmatites.  These likely intruded steeply oblique or orthogonal 
to the principal bedding/foliation and, as shearing progressed, became forward rotated boudins trains showing 
dextral motion. The boudin trains remain oblique by about 20° to the principal bedding/foliation.  Dextral kink 
bands that are similarly oblique to bedding/foliation are directly associated with these granitic boudins and have 
tourmaline mineralization on their flanks. Some of the granites, and less so the kink bands, are folded into S-shapes 
suggestive of sinistral shear.  Nevertheless, these likely formed in a dextral system as they initially rotated clockwise 
through the shortening field, became symmetrically folded, then subsequently had their limbs attenuated into the 
asymmetric S-shapes. In a few places late, brittle, left-handed bookshelf gliding style, brittle faults developed in the 
boudined granites yet still in an overall dextral shear environment.  Taken together these structures record a 
continuous and protracted period of ductile to brittle-ductile to brittle, dextral shearing as exhumation stripped off 
the overlying rocks during shearing and deformation conditions changed. 
 
We agree with the work done here by Mark Swanson (Swanson and Bampton, 2009) who suggested that the 
Phippsburg Shear Zone was caused by south-directed extrusion of the midcoastal Block due to transpression from 
the Casco Bay restraining bend along the Norumbega Fault.  We would modify this interpretation and propose a 
period of local extension that allowed for the intrusion of granite and metamorphic veins of quartz and 
aluminosilicates orthogonal to bedding/foliation. The overall dextral shear sense, the steep (but not vertical) east 
dips of bedding/foliation, and the gentle, south plunges of the quartz rod lineations suggest that the oblique 
component of dip slip here was normal. This suggests that the shear zone was of transtensional style.  
 
Metamorphism: The rocks here are at the same M3 staurolite-andalusite grade as we saw in STOPS 4 and 5. In 
addition, thin sections show excellent relict M2 assemblages, in particular M2 staurolite inclusions in M3 andalusite. 
Though not quite as spectacular as the coarse Singing Sands Schist exposures of STOP 4, these rocks make up for it 
with an incredible set of M3 quartz-andalusite-sillimanite veins. These are now boudined by D4 shearing in the 
Phippsburg Shear Zone and are found up to a meter in length and about 10-20 cm wide. Andalusite makes up the 
coarsest part of the assemblage, comprising the bulk of the veins, and giving them a nice pink color. Sillimanite and 
muscovite are interstitial to the andalusite. The boudins are surrounded by concentrations of tourmaline and biotite.  
 
Return to vehicles. END OF TRIP! Safe travels. 
 

144



 EUSDEN, DOOLITTLE, GROVER, LINDELOF, MILLER, AND SIVE B1-17 

REFERENCES CITED 
 

Bradley, D.C., Tucker, R.D., Lux, D.R., Harris, A.G., and McGregor, D.C., 2000, Migration of the Acadian 
Orogen and Foreland basin across the Northern Appalachians of Maine and adjacent areas: US Geological 
Survey Professional Paper 1624, p. 1-49. 

Doolittle, H. A., "Determining P-T Paths of Metamorphism Based on Mineral Textures and Pseudosection Analysis 
in Small Point, Maine" (2012). Honors Theses. Paper 18. 
http://scarab.bates.edu/honorstheses/18 

Dunn, G. R. and H. M. Lang (1988). "Low pressure metamorphism in the Orrs Island-Harpswell Neck area, 
Maine." Maritime Sediments and Atlantic Geology 24(3): 257-265. 

Grover, T.W., and Lang, H.M., 1995, Examination of a well-exposed sequence of garnet through sillimanite zone 
metapelitic rocks in Casco Bay: in A.M. Hussey, ed., Guidebook for fieldtrips in Southern Maine, New 
England Intercollegiate Geologic Conference, p. 195-209.   

Guidotti, C.V., 1989, Metamorphism in Maine: an overview, in Tucker, R.D. and Marvinney, R.G., eds., Studies in 
Maine Geology Volume 3: Igneous and Metamorphic Geology, p. 1-18. 

Hussey, A.M. II, 1988, Lithotectonic Stratigraphy, Deformation, Plutonism, and Metamorphism, Greater Casco 
Bay Region, Southwestern Maine: Studies in Maine Geology, v. 1, p. 17-34.  

Hussey, A.M. II, 2012, Bedrock Geology of the Northern Part of the Small Point Quadrangle, Maine: Maine 
Geological Survey, Open-File Map 12-1.  

Hussey, A. M. II, and Berry, H. B. IV, 2002, Bedrock Geology of the Bath 1:100,000 Map Sheet, Coastal Maine: 
Maine Geological Survey Bulletin 42, 56 p. 

Hussey, A.M. II, Bothner, W.A., and Aleinikoff, J., 2010, The tectono-stratigraphic framework and evolution of 
southwestern Maine and southeastern New Hampshire: in: Tollo, R.P., Bartholomew, M.J., Hibbard, J.P., 
and Karabinos, P.M., eds., From Rodinia to Pangea: The Lithotectonic Record of the Appalachian Region: 
Geological Society of America Memoir 206,  p. 205-230. Doi: 10.1130/2010.1206(10) 

 Lang, H. M. and G. R. Dunn (1990). "Sequential prophyroblast growth during deformation in a low-pressure 
metamorphic terrain, Orrs Island-Harspwell Neck, Maine." Journal of Metamorphic Geology 8 no. 2: 199-
216. 

Lindelof, Jennifer A., "Bedrock and Groundwater Interaction: Tracing the Potential for Cation Contamination in 
Groundwater, Small Point, Maine" (2012). Standard Theses. Paper 2. 
http://scarab.bates.edu/geology_theses/2 

Miller, P. K., "Kinematics of the Phippsburg Shear Zone at Hermit Island and the Wood Islands, Small Point, 
Maine" (2012). Honors Theses. Paper 36. http://scarab.bates.edu/honorstheses/36 

Reusch, D. N., and van Staal, C. R., 2012, The Dog Bay-Liberty Line and its significance for Silurian tectonics of 
the northern Appalachian orogen: Canadian Journal of Earth Sciences, V. 49, no. 1, pp. 239-258. 

Sive, H. R., "The Structure and Stratigraphy of Small Point, Maine: D3 Inverted Transtensional Map-Scale Folds 
of Neoacadian Provenance" (2012). Honors Theses. Paper 45. http://scarab.bates.edu/honorstheses/45 

Swanson, M. T., 1999, Kinematic Indicators for dextral shearing along the Casco Bay section of the Norumbega 
Fault zone, coastal Maine, in Ludman, A., and West, D. P., Jr., eds., Norumbega Fault System of the 
Northern Appalachians: Geological Society of America Special paper 331, p. 1-24.  

Swanson, M. T., & Bampton, M., 2009, Integrated digital mapping techniques in geologic field research: an 
adventure-based approach to teaching new geological technologies in an REU Site program, in Whitmeyer, 
SJ, Mogk, D.W., and Pyle, E.J., eds, Field Geology Education: Historical Perspectives and Modern 
Approaches: Geological Society of America Special Paper, 461, p. 11-1 – 11-18. 

West, D.P., Beal, H.M., and Grover, T.W., 2003, Silurian deformation and metamorphism of Ordovician arc rocks 
of the Casco Bay Group, south-central Maine, Canadian Journal of Earth Science, vol. 40, p. 887-905. 

 
  

145



B1-18 EUSDEN, DOOLITTLE, GROVER, LINDELOF, MILLER, AND SIVE  

NOTES 
 
 
 
 
 

146



TEACHING ROCKS: FIELD-INSPIRED PRACTICE AND DISCUSSION 

OF TEACHING GEOLOGIC CONTENT 

Julia Daly, Dept. of Geology, University of Maine at Farmington, 173 High St. Farmington, ME 04938 

INTRODUCTION 

As earth science educators, we 

seek to foster student connections 

between observations of their 

immediate environment and a bigger 

story. Local field studies provide rich 

opportunities for students to make 

observations, collect their own data, and 

develop a more sophisticated 

understanding of the landscape. This 

trip is an opportunity for earth science 

educators to meet on the outcrop, 

engage in example activities, and 

discuss how to integrate field 

experiences into earth science 

education. We’ll visit two well-known 

Maine localities that provide a breadth 

of geologic features: Pemaquid Point 

and Popham Beach. At Pemaquid Point, 

we will focus on bedrock features while 

at Popham we will use the beach and 

salt marsh to investigate evidence for 

more geologically recent changes.   

The integration of field experiences into earth science education has long been considered fundamental; 

indeed, NEIGC epitomizes the tradition of exchanging ideas and educating students in the field. The opportunity to 

share one’s research and to engage in dialogue on the outcrop, where the context for specific observations can be 

appreciated, provides a rich experience for students. Developing field experiences that engage students, foster 

inquiry, and help develop a more sophisticated understanding on the local geologic history is a challenge at all 

levels. Online collections of field trip activities and guides, such as one titled “Teaching Geoscience in the Field” 

(Science Education Resource Collaborative, 2012) can be useful starting points for developing exercises. The goal 

of this trip is for educators to participate in a variety of field activities, appropriate in level from introductory to 

upper level courses, followed by discussion of what worked, what didn’t, and how that activity could be adapted for 

a different setting or group of students. 

Figure 1a. View south at Pemaquid Point, parallel to the hinge of a gentle 

fold in the Bucksport Formation.  

Figure 1b. View south at Popham Beach in 2013, across the most downstream meander of the Morse River. 
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GEOLOGIC OVERVIEW AND POTENTIAL FIELD QUESTIONS 

Pemaquid Point 

At first glance, the regional 

geologic map of Pemaquid Point 

suggests a simple outcrop of 

Bucksport Formation, a Silurian-

Ordovician gneiss (Figure 2). 

However, upon arrival the outcrop 

reveals a much more complex and 

interesting story (first lesson: maps 

can’t show all the information). 

Beautifully exposed in three 

dimensions, this gneiss is visually 

appealing and full of features that 

capture one’s interest on the outcrop. 

Originally deposited as interbedded 

sand and silt, the sediments were 

metamorphosed at depth during the 

Devonian (Berry 2002, Hussey and 

Berry 2002).  Subsequently, granitic 

and pegmatitic dikes intruded the 

bedrock, producing a striking 

contrast with the darker gneiss 

(Figures 3 & 4).  

This location is ideal for 

field activities for students at all 

levels. At the introductory level, it 

offers high-contrast bedrock units 

that can be used to teach basic rock 

types (igneous vs. metamorphic, gneiss vs. pegmatite). The intrusive nature of the dikes also lends itself to 

investigation of age relationships between the Bucksport Fm. and the dikes. Meter-scale folds across the outcrop 

(Figure 4) can be examined in three dimensions, 

provide students with small-scale examples of 

bedrock patterns that appear at regional scales on 

the state bedrock map.  

Pemaquid Field Questions. 

Below are some example questions that could be 

used to develop field exercises at Pemaquid Point: 

 How can we distinguish between igneous

and metamorphic rocks?

 Which rocks are older, the igneous or

metamorphic rocks?

 How did the folds form?

 How do the folded patterns relate to

regional map patterns?

Pemaquid 

Point, stop 1 

Figure 2. Detail of bedrock geologic map of the Pemaquid Point region 

(from Hussey and Marvinney, 2002).  

Figure 3. Bucksport Formation gneiss at Pemaquid Point. 
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Figure 4b. Gneiss of the Bucksport Formation 

at Pemaquid Point is the darker rock 

constituting most of the outcrop. The lighter 

colored rock at upper right is an intrusive 

pegmatite.   

Figure 4a. Darker Bucksport Formation gneiss at the base of 

the photo, intruded by a lighter-colored pegmatite vein 

across the top. Both the gneiss and pegmatite display 

evidence of deformation.   

Figure 5a. Small asymmetric fold in the 

Bucksport Formation; the three-dimensional 

exposure of the fold allows students to 

observe the varied thickness of layers within 

each limb.    

Figure 5b. More openly folded gneiss; erosion across the 

top as well as the sides demonstrates the bullseye pattern 

produced as underlying layers are exposed toward the core 

of the fold along the hinge. 
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Popham Beach State Park 

This stop highlights surficial geology with an 

emphasis on 1) changing position of the Morse River and 

erosion of a large dunefield, and 2) late Holocene coastal 

changes archived in the backbarrier salt marsh. The 

interplay between the Morse River, west of the park, and 

the barrier and dune field to the south of the parking area 

has produced dramatic changes over the past dozen years 

(Figure 7). As a result of spit progradation and river 

meandering toward the east, most of the dune field south 

parking area was lost to erosion, resulting in concern about 

vulnerability of the bathhouse structure to storm erosion 

(Dickson, 2008a, 2008b). In late 2011, beach scraping 

moved sand landward to partially fill a tidal inlet channel 

and bank sand in front of the bathhouse facility (Dickson, 

2012). This series of changes presents an interesting 

opportunity for students to consider the influence of both 

fluvial and coastal processes on this site.  

These short-term changes are acting in addition to 

the longer term forcing of sea-level rise. The backbarrier 

area of Popham hosts extensive salt marshes that record 

local landscape change. Balancing sediment supply against 

sea-level rise, salt marshes accumulate deposits that reflect 

the relative importance of these two controls. Changes in 

the distribution of different marsh deposits over time can 

help better understand the impact of sea-level rise here.     

    Popham Field Questions 

     Activities at this site focus on 

making observations about recent 

changes, then using those 

observations to make predictions 

of past and future evolution.  

 How quickly did the Morse

River meander toward the parking 

lot?  

 Given that the most recent

image was captured a year ago, 

how have landforms changed in 

that time? 

 What is the evidence for local

transgression and landward 

migration of landforms? 

Figure 6. Asymmetric ripples in a tidal channel at 

Popham Beach. Near the bottom of the image a 

faint secondary set of ripples at an oblique angle to 

the dominant ripples reflect a change in flow 

direction during the tidal cycle.     

Figure 8. Low tide in the backbarrier channel created by migration of the 

Morse River, then abandoned by 2010 as the river found a shorter way to 

the ocean. Some water still travels through here at high tide. In the center of 

the picture, a dark patch of salt marsh interrupts bright sand of the beach that 

has rolled over the salt marsh. 
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ROAD LOG 

Notes: This trip has only two stops, Pemaquid Point Lighthouse and Popham Beach State Park. The trip begins at 

Stop 1; we will meet at Pemaquid Point Lighthouse at 8:30 AM. We will be spending several hours at each stop. 

The travel between stops will allow participants to pick up lunch in Bath if they chose, or bring a packed lunch and 

eat on the beach at Popham. Restrooms will be available at both stops, but we will be spending much of our time 

away from the facilities so plan accordingly when you arrive. Please wear shoes that are comfortable for climbing on 

rocks, walking on sand, and that may get a little bit muddy as we explore the salt marsh.  

Travel directions to Stop 1: From Bath, follow US Route 1 North toward Newcastle (18 miles). Take the exit for 

US-1 Business N in Newcastle (toward Route 129). After crossing the bridge into Damariscotta, follow the sign for 

Routes 129 & 130 toward Pemaquid Point. Continue south on 129/130 for almost three miles, then follow Route 130 

left toward Bristol (Hanley’s market will be on your left at this intersection). Stay on Rt 130 for another 11.6 miles 

until reaching the parking lot at Pemaquid Point Lighthouse Park.  

Stop 1: Pemaquid Point Lighthouse: 43.83742, -69.50636 (WGS84 Lat/Long), ~3 hours 

We will begin by exploring the outstanding outcrop below the Pemaquid Point Lighthouse. Large, three-

dimensional exposures of folded gneiss (Bucksport Formation) intruded by granite and pegmatite dikes provide the 

opportunity to try a variety of bedrock-focused activities. At this stop, we will focus on these skills: 

 Discriminating igneous vs. metamorphic rocks

 Identifying minerals

 Creating geologic maps

 Determining relative ages of units

 Relating mapped features to tectonic forces

 Relating small-scale mapped features to regional bedrock patterns

As a group, we will talk about how to introduce basic rock identification to students. Next, we’ll break into 

smaller groups to map a section of outcrop, then compile those maps and discuss the results. Finally, using some 

props, we’ll try out activities that help students understand folding and tectonic collision. We may follow this 

discussion with a short scavenger hunt to look for additional features that support our hypotheses, time permitting. 

Throughout, and especially at the end, there should be ample time for discussion of how to adapt/improve the 

activities for different locations or learners. 

High tide will be at ~11 AM; we will be leaving by 11:30 AM and travelling to Popham Beach State Park while 

the tide is falling so that we have better access there. The trip from Pemaquid to Popham should take about 70 

minutes, depending on traffic. 

Mileage 

0.0  Pemaquid Point Lighthouse, 459282.22 m E, 4853935.02 m N; depart and follow Rt. 130 north toward 

Damariscotta. 

11.6 Continue north on Rt. 129 to Damariscotta. 

14.6 Turn west on Business US Rt. 1 through downtown Damariscotta, following signs toward US Rt. 1 S. 
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15.0 Continue on Business Rt. 1 toward Rt. 1 S (turning left), then merging with US Rt. 1 S. Continue on Rt. 1 

for seventeen miles, to Bath. 

32.8 Take the exit (right) for Rt. 209/Phippsburg/Downtown/Historic Bath, then turn left onto Middle St. 

32.9 Turn right onto Granite St., still following signs for Rt. 209. 

33.0 Turn left on Rt. 209, toward Phippsburg. Continue for 14.7 miles on Rt. 209 south, following signs for 

Popham Beach State Park. 

42.7 Turn left to remain on Rt. 209, following signs for Popham Beach State Park. 

47.7 Arrive at Popham Beach State Park; our entrance fee is waived. Please park near the facilities in the 

southwest corner of the lot. 

Stop 2. Popham Beach State Park, ~ 3 hours 

We will re-convene at approximately 1 PM near the restrooms; the time may change slightly depending on 

weather and actual departure time from Pemaquid Point. We will begin by exploring the salt marsh in the 

backbarrier area while the tide is still retreating, then finish the day by exploring the beach and Morse River outlet as 

low tide approaches. We will focus on the following skills at this location: 

 Collecting and interpreting cores

 Correlating cores & developing cross-sections

 Using Google Earth to evaluate dynamic landforms

 Quantifying rates of change

 Mapping evidence for recent sediment movement

At this location, we’ll begin by characterizing contemporary salt marsh zones, then splitting into small groups to 

collect and interpret a series core. Once each group has interpreted their core, we will work together to see if we can 

correlate units between cores and develop a cross-section. This exercise gives us an opportunity to work through 

basic stratigraphic problems and turn a vertical history into a story of environmental change. Once we have 

developed a long-term history for the area, we will turn our attention to recent changes. We will compare the most 

recent Google Earth image (acquired September 2015) to the present morphology. Using the Google image as a base 

map, we’ll attempt to map the present shoreline configuration and then determine the rate at which key features have 

migrated. When the tide has dropped low enough, we’ll be able to examine ripples and other sedimentary structures 

in the tidal zone to see if recent sediment movement is consistent with changes we mapped. We’ll finish the day 

with a discussion about how to teach students about landscape change. How do educators use Google Earth 

effectively? What types of activities are most compelling to students?  If time is available, we may be able to 

demonstrate a profiling activity that relies on data being collected at low tide. 
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GEOMORPHOLOGY OF THE SHEEPSCOT RIVER: POSTGLACIAL EVOLUTION, SALMON 
HABITAT AND HISTORIC DAMS  

 
by 

Noah P. Snyder, Department of Earth and Environmental Sciences, Boston College, Chestnut Hill, MA 02130 
 (e-mail: noah.snyder@bc.edu) 

 
INTRODUCTION 

 
My research group has been working in the 554 km2 Sheepscot River watershed in Midcoast Maine since 2004 

(Figure 1). The Sheepscot is one of the southernmost rivers in the U.S. that hosts native returning adult anadromous 
Atlantic salmon, and therefore has been the focus of salmon restoration projects and research activities by agencies 
(e.g., NRC, 2004; NOAA and USFWS, 2016), watershed-based non-profit groups (e.g., SVCA, 2005) and other 
scientists (Magilligan et al., 2007; Laser et al., 2009). My initial interest was to explore how relationships between 
geomorphic processes and salmon habitat, developed primarily from research in the Pacific Northwest (e.g., 
Montgomery, 2004), applied to rivers with Atlantic salmon in the northeastern U.S. The first project used marked 
bedload particles to study the conditions for entrainment (Snyder et al., 2009). Another project developed a model to 
use high-resolution lidar digital elevation models (DEMs; Snyder, 2009) to predict bed grain size, which is a vital 
control on salmon habitat quality and can be used to prioritize restoration efforts (Snyder et al., 2013). As I have 
become more interested in restoration and land-use history of New England (e.g., Snyder, 2012), my focus has 
shifted to the ongoing legacy of historic dams in the watershed, building the on the work by Walter and Merritts 
(2008) in the Mid-Atlantic region. Along the way, B.S. students Michelle Gryga (2006) and Susan Bresney (2011; 
Bresney et al., 2015) completed senior theses on the watershed, and M.S. students Michael Castele (2007), Andrew 
Nesheim (2011), Stephanie Castle (née Strouse, 2013), Austin Hopkins (2014; Hopkins and Snyder, 2016), and 
Kaitlin Johnson (2016) all wrote graduate theses. The goal of this fieldtrip is to visit sites along the main stem 
Sheepscot River and discuss some of the findings of these various projects. 

 
STUDIES OF THE GEOMORPHOLOGY OF THE SHEEPSCOT RIVER 

 
The Sheepscot River watershed is located within the Norumbega shear zone, which imparts a strong NE to SW 

trend on the drainage pattern (Figures 1-2). Superimposed on this are glacial deposits, which have a more N-S trend. 
Most of the watershed below ~100 m elevation was inundated by the ocean during the late Pleistocene highstand, 
and therefore outcrops of Presumpscot Formation are common in the river valley. As with many rivers in Maine, the 
longitudinal profile of the Sheepscot River is a series of stairsteps: long low-gradient (slope < 0.05%) segments are 
broken up by short, high-gradient (slope > 0.2%) steps (Figure 3). The flat segments include morphologies from 
mainstem lakes to riparian wetlands to mud-to-sand bedded slow-flowing river segments (colloquially known as 
“deadwaters”). The location of steep gravel-bedded reaches is controlled by either outcrops of bedrock in the 
channel and/or glacial depositional features. These wide variations in slope lead to spatial diversity in bed grain size 
and Atlantic salmon habitat characteristics (Snyder et al., 2013). Moreover, the long low-gradient segments act as 
bedload sediment sinks, with sediment conveyed through steep segments deposited in fans that show up as concave 
reaches at the upstream end of flat segments on the longitudinal profile (Figure 3). The resulting discontinuous 
downstream-fining pattern has been described by Rice and Church (1998) in other postglacial settings. More 
recently, working in Vermont, Gartner et al. (2015) showed that reaches with decreasing stream power downstream 
(i.e. those with decreasing slope; concave) tend to be depositional during major flood events. This illustrates the 
trajectory of postglacial channels, with erosion in the steep reaches and deposition in the flat reaches, evolving 
toward a graded condition where bedload can be transported along the whole channel length. Of course, the 
timescale of this response is dependent on the supply of sediment available in the steep reaches, and in many places 
the flat reaches show little indication of deposition (e.g., Long Pond; Figures 1 and 3). In others, such as the wetland 
adjacent to James Pond, the deposition can been seen quite clearly in lidar imagery, with the river downcutting 
through glacial deposits (stops 1 and 2) and building a ramp across the partially filled lake basin downstream 
(Figures 2-3). 
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Figure 1. Map of the Sheepscot River watershed showing the six stops on the field trip, as well as historic and 
existing dams. Base is a USGS 10-m DEM with hillshade overlay (colors range from elevations 0 to 340 m). 
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Figure 2. Shaded relief map of the Sheepscot River from Sheepscot Pond to James Pond area, including stops 1 and 
2. The main image is from 1-m resolution lidar DEM collected in 2007, the SE corner is from the 10-m resolution 
USGS DEM. 

 
 
The degree of bedload supply limitation exerts strong control on channel processes. Our study using marked 

bedload particles (Snyder et al., 2009) used three reaches in the Sheepscot River watershed (including stop 2), 
tracking particle motions from July 2006 to June 2007, an interval that included an April flood with a nine-year 
recurrence interval. At two of the Sheepscot sites we observed particle entrainment during the interval that included 
winter ice and spring flood conditions, and relatively minor bed mobilization during moderate floods in the summer 
and fall (with a recurrence interval of 2–3 years). We saw similar results at our sites on the Narraguagus River in 
Downeast Maine. The Hibberts Gore site (stop 2) exhibited more vigorous entrainment of marked particles during 
all intervals and more complex three-dimensional channel morphology. This contrast is partially due to local 
geomorphic conditions that favor high shear stresses (particularly relatively steep gradient of 1%), but also likely to 
nourishment of the bedload saltation system by recruitment from an eroding glacial deposit upstream (at site 1). 
Snyder et al. (2009) concluded that the frequency and magnitude of bedload transport are reach specific in coastal 
Maine rivers, depending on factors including upstream sediment supply and transport, local channel 
geomorphology, and formation of anchor ice. 
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Figure 3. Longitudinal profile of the Sheepscot River oriented upstream from the estuary (Sheepscot Road bridge) to 
Sheepscot Pond. Profile data are from a 1-m lidar DEM, smoothed with a moving average and spike-removing 
filters (black). Unprocessed data are shown in yellow; spikes are bridges or data errors in the original point cloud (at 
21 km). Also included are locations of bedrock in the channel and bank, current and historic dams, as well as 
comparisons of grain size predictions with observations (Dpred/D50) from Snyder et al. (2013). 

 
Getting an understanding of the controls on bedload transport in the Sheepscot River was a prerequisite for 

developing a model to use inputs measured from digital elevation models (DEMs) to predict bed grain size based on 
the Shields equation (Snyder et al., 2013). The motivation for this work was to develop ways to use remote sensing 
data in a geographic information systems (GIS) context to guide restoration efforts focused on Atlantic salmon 
habitat (NRC, 2004). Adult Atlantic salmon spawn in rivers with gravel beds with a median grain size (D50) around 
16 mm. After hatching, salmon require rearing habitat with good cover (e.g., large wood in the river) and coarser 
grain size (up to 256 mm). These habitat requirements motivate the development of models to predict bed grain size 
using GIS data (e.g., Buffington et al., 2004). Our approach involved measuring channel width, slope, and drainage 
area from lidar (1 m pixels) and traditional USGS (10 m pixels) DEMs, and using these parameters to predict the 
competent grain size at reaches spaced every 100 m along the channels. We tested the model predictions (Dpred) 
against field measurements of D50 using the Wolman (1954) method in three watersheds, including the Sheepscot. 
Overall, we found that the model correctly predicted observed bed grain size with a factor of two (Figure 3) in 70% 
of our measured locations, with better success where the bed is coarser. The model tended to overpredict grain size 
in reaches with sand or fine gravel beds, which was unsurprising because the model assumes a threshold, gravel-bed 
river that only mobilizes the bed during high-flow events (e.g., 2-year floods). Sand-bed rivers have more frequent 
sediment transport. The model was particularly successful in the most sediment-starved reaches, downstream of 
mainstem lakes, wetlands and deadwaters. We made field measurements of bed grain size in three segments of the 
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mainstem Sheepscot River (Figure 3; additional measurements were made along the West Branch; Snyder et al., 
2013). The most notable result was decreasing success in the Hibberts Gore segment as it transitions to an 
anabranching, depositional system (stop 2). Overall, we interpreted the model failures in coarse-grained reaches to 
likely reflect a combination of factors that are not included in the models, including: (1) local variations in hydraulic 
roughness (caused by woody debris, beaver dams, and bed and bank vegetation); (2) variations in sediment supply 
and size caused by glacial geology and tributary inputs; and (3) environmental factors such as dams and road 
crossings. GIS-based grain-size prediction models can be used to guide restoration efforts by identifying reaches 
within a watershed where the predicted grain size is in a desirable range for anadromous fish habitat (Wilkins and 
Snyder, 2011). For instance, model outputs can be used to prioritize dam removals and culvert replacements to 
maximize fish access to reaches with high-quality habitat. 

Currently, my research group is investigating the legacy of historic mill dams in the Sheepscot and other rivers 
in New England. This project is a collaboration with Dorothy Merritts and Robert Walter from Franklin and 
Marshall College. Walter and Merritts (2008; Merritts et al., 2011), have documented extensive storage of sediment 
associated with land clearing for agriculture and deposition in mill ponds in the present-day valley bottoms of the 
Mid-Atlantic Piedmont region. This builds on previous work in the region by Costa (1975) and Jacobson and 
Coleman (1986) that focused on post-settlement sedimentation due to land-use change. The goal of our collaboration 
is to quantitatively compare the volume of legacy sediment storage in selected watersheds in New England with 
similar settings in the Mid-Atlantic region. We hypothesize that New England may have less sediment storage due 
to (1) thinner hillslope soils (less available supply) and (2) more places to accumulate sediment in watersheds (e.g., 
lakes and wetlands). Relatively few studies have investigated anthropogenic valley-bottom sedimentation in 
postglacial New England. Bierman et al. (1997) used lakes and alluvial fans in Vermont to document increased 
sedimentation rates associated with land clearing. Thorson et al. (1998) documented extensive Colonial-era 
deposition in wetlands in a small Connecticut watershed. 

The Sheepscot River watershed hosted at least 44 mill dams during the 18th and 19th centuries, of which 11 
remain (including at stops 1, 3 and 5). We have field checked 12 of the 44 dam sites, and find evidence for likely 
millpond sediment storage at six. Our most extensive work so far has been at the partially breached Head Tide Dam 
(stop 5), where up to 2.3 m of fine sand and silt is stored in bank outcrops on both sides of the river, in some places 
overlying a layer of planks and other cut wood associated with timber operations (Figure 4; Strouse, 2013; Hopkins, 
2014; Hopkins and Snyder, 2016). A dam has existed at this site since the 1760s. Six radiocarbon dates from these 
deposits all return young (<300 yr) ages, indicating deposition during the period that the dam was in place. Unlike 
the Mid-Atlantic millpond deposits, we have not found a buried Holocene wetland or floodplain soil in any our 
study sites in the Sheepscot River watershed. In some places (including upstream of historic dams at stops 4 and 5), 
we find recently deposited silt and sand overlying the Presumpscot Formation directly. In other places we see fine-
grained historic sediment overlying rounded gravel, which is likely the pre-disturbance river bed. Further work will 
focus on developing the Holocene to Anthropocene story in the watershed and elsewhere in the northeastern U.S. 
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Figure 4. Cut timbers buried under historic sediment, Sheepscot River at Head Tide (stop 5). Photograph taken May 
2015 looking downstream at the left (east) bank. 
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(U.S. Fish and Wildlife Service); Paul Christman, Melissa Laser, Greg Mackey, and Joan Trial (Maine Department 
of Marine Resources); and Ionut Iordache, Michael Sartori and Ramesh Shrestha (NCALM). Samantha Dow helped 
with the field checking for this article. 

 
 

ROAD LOG 
 
To consolidate cars, meet at 8:30 am at the Shaw’s supermarket parking lot at 670 Bath Road (Route 1), 

Wiscasset, ME 04578. For those in need, there is a Dunkin Donuts just north of Shaw’s on Route 1, and a Subway 
across the street. From the Shaw’s it is about an hour drive (via Rt. 1 north, Rt. 218 north, Somerville Road and 
Turner Ridge Road; essentially the route of the fieldtrip in reverse) to the Palermo Rearing Station. The trip will 
formally begin at 9:30 am at the Palermo Rearing Station (fish hatchery) at 200 Gore Road, Palermo, ME 04354 
(464370, 4909920 UTM/WGS1984). We will spend the day working our way roughly downstream along the 
Sheepscot River to Head Tide. Rubber boots (wellies) or waders may be nice if you want to get “up close and 
personal” with the river, but are not required to enjoy the trip. We will do several ~10 minute walks on trails, and 
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spend much of the day next to (or in) the river. The trip will conclude with a bonus stop at the site of the Lower 
Montsweag Brook Dam removal in 2010, near Wiscasset, 0.7 mile SW of the Shaw’s supermarket on Route 1. 

 
STOP 1: SHEEPSCOT RIVER AT THE SHEEPSCOT POND OUTLET. (60 MINUTES)  
river distance upstream (rkm): 47.4-46.9 slope: 1.3% 
From the fish hatchery parking lot, we will walk past the hatchery facilities (where brown trout and brook trout 

are raised for stocking in Maine rivers) to the small outlet dam of Sheepscot Pond. We will discuss sediment 
starvation downstream of mainstem lakes. From there, we will make our way downstream to observe a ~10-m high 
actively eroding bank of glacial deposits (mapped as till) on the right (north) side of the river that supplies a wide 
range of grain sizes to the river downstream. Back at the cars, we will take one more look at the river as it makes a 
left bend under the Gore Road bridge. 

 
Mileage 
0.0 (464370 m E, 4909920 m N). Palermo Rearing Station parking lot. Start here. Drive west on Gore Road. 
0.4 Turn left on Turner Ridge Road. 
0.9 (463420 m E, 4909360 m N), Turn left into the parking lot of the Sheepscot Valley Conservation 

Association Palermo Preserve. The parking lot is not large, so we will need to be efficient with parking our vehicles. 
 
STOP 2: SHEEPSCOT RIVER AT HIBBERTS GORE. (60 MINUTES) 
rkm: 45.4-45.1 slope: 1.0% 
From the preserve parking lot, we will walk ~10 minutes down an old road to the location of a former bridge 

over the Sheepscot River. At this stop we will observe high-quality Atlantic salmon spawning and rearing habitat, 
including sorted bars ranging from coarse sand to cobbles in close proximity, widely varying depth due to scouring 
around large wood, and floodplain channels. Motivated by these characteristics, the SVCA sought to protect the land 
as a salmon preserve, and the Maine Department of Marine Resources has conducted various experiments in salmon 
restocking in this part of the river. This was the site of the most active bedload transport observed by Snyder et al. 
(2009), due to the relatively steep gradient (1.0%) of the river and the sediment supply provided by actively eroding 
glacial deposits upstream (stop 1). Downstream from this site, the river becomes anabranching as it builds a delta 
into the James Pond wetland (Figures 2-3), a location studied by Bresney et al. (2015). Impressive river engineering 
by beavers in 2016 will be a catalyst for ecogeomorphic discussion during the stop. 

 
0.9  (463420 m E, 4909360 m N), Exit the parking lot left back on Turner Ridge Road. 
3.6  Cross Maine Route 105 onto Somerville Road, which quickly becomes a two-lane dirt road. 
8.4 At the first stop sign, go right on Main Street (unsigned). 
8.8 (456080 m E, 4900740 m N), Park on Basin Lane (to the right) or along Main Street. 
 
STOP 3: COOPERS MILLS DAM. (30 MINUTES, plus time for lunch) 
rkm: 32.7-32.8 slope: 0.15% (in the reservoir and upstream) - 2.5% (downstream of the dam) 
Coopers Mills Dam is the lowermost intact dam on the mainstem river. In the 19th century at least seven dams 

existed downstream from it (SVCA, 2005). This 6 m-high structure was built ca. 1824. It is in poor repair, and in 
January 2016, after nearly two decades of consideration, a Town of Whitefield committee unanimously decided to 
remove the dam. The project is expected to be completed by 2018. The Coopers Mills impoundment is noteworthy 
because it contains little evidence of sedimentation, which is unsurprisingly given its confined nature and position 
downstream of Long Pond. Measurements of river-bed elevations conducted for a hydraulic model show no obvious 
delta at the upstream end of the impoundment (Burke, 2016). 2.7 km downstream from this site, the West Branch 
joins the mainstem Sheepscot River, increasing the drainage area from 211 km2 to 343 km2. 

We will have lunch in Coopers Mills. Those needing a bathroom break, coffee or a sandwich can make a run to 
Peaslee’s Quick Stop, just east (left) on Maine Route 32 from Coopers Mills. 

 
8.8  (456080 m E, 4900740 m N), Turn around and go back (SE) on Main Street. 
9.1  Turn right on Somerville Road. 
9.2 Cross Maine Route 32 onto Maine Route 218. 
12.2 -12.3 Do a left-right jig-jog at Maine Route 126 in North Whitefield, staying on Maine Route 218. 
16.8  Cross the Sheepscot River at Whitefield and go left to stay on Maine Route 218. 
16.9 Turn left on Kings Mills Lane. 
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16.9 (450210 m E, 4890860 m N), Park in pull-out area on the left (3 vehicles) or along the left side of Maine 
Route 218. 

 
STOP 4: SHEEPSCOT RIVER AT WHITEFIELD. (30 MINUTES) 
rkm: 17.8-17.5 slope: 0.03% (at bridge) – 1.8% (at dam site) 
Here we will take a quick look at the remnants of Kings Mills Dam. One or more dams existed at this location 

since ca. 1774, and it was removed in the 1950s (SVCA, 2005). The 2-4 m high fill terraces (or floodplains) 
upstream of the Route 218 bridge were most likely influenced by sedimentation behind Kings Mills Dam. From here 
downstream to Head Tide the river enters a canyon 20-50 m deep, confined by an esker and the Presumpscot 
Formation. It is an exciting whitewater canoeing run at flows above 7 m3/s (250 cfs), with class I and II rapids. 

 
16.9 (450210 m E, 4890860 m N), Turn around and turn left on Maine Route 218 (continuing south). 
21.3  Turn left on Head Tide Road. 
21.5 (450060 m E, 4884850 m N), Park in pull-out area on the left. 
 
STOP 5: SHEEPSCOT RIVER AT HEAD TIDE. (60 MINUTES) 
rkm: 10.8-10.4 slope: 0.16% (upstream of the dam) 
Head Tide Dam was constructed in the 1760s primarily to power a saw mill. A hole was cut into the modern 

concrete structure in 1968 to facilitate passage by Atlantic salmon and other anadromous fish. Currently, the dam is 
being considered for full removal. The concrete structure is built directly on bedrock and the spillway is about 3 m 
high. During low flow, the dam exerts no base level control, but it does raise stage during high flow. We will first 
look at the dam, and then walk on a social trail upstream on the right (west) side of the river to look at bank outcrops 
of sediment deposited since the dam was constructed. Observations during and after high-flow events, as well as 
hydraulic modeling, indicate that the 1.5-2 m high floodplain still receives fine-grained sedimentation (Strouse, 
2013). We will also observe a lower floodplain surface that is actively being constructed by a combination of 
sediment deposition and vegetation growth. 

 
21.5 (450060 m E, 4884850 m N), Turn around and go back west on Head Tide Road. 
21.6 Turn left on Maine Route 218. Drive to Wiscasset. 
30.2 Turn right on U.S. Route 1. 
33.5 Turn left into the Shaw’s parking lot. 
End of the Sheepscot River trip. 
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STRATIGRAPHY, STRUCTURE, AND PLUTONISM IN THE WISCASSET-DRESDEN REGION OF 
MID-COASTAL MAINE 

 

By 
 

David P. West, Jr., Dept. of Geology, Middlebury College, Middlebury, VT (dwest@middlebury.edu) 
Cailey B. Condit, Dept. of Geological Sciences, Univ. of Colorado, Boulder, CO (cailey.condit@colorado.edu) 

 
INTRODUCTION 

 

This field trip provides an opportunity to explore deformed and metamorphosed stratified rocks within four 
different lithotectonic terranes exposed in Wiscasset-Dresden region of mid-coastal Maine.  Each of these terranes 
(Falmouth-Brunswick sequence, Casco Bay Group, Fredericton belt, and Passagassawakeag Gneiss) contains 
complexly deformed rocks that have been metamorphosed to amphibolite facies conditions.  Additionally, a wide 
variety of plutonic rocks can be found in the study area and they not only provide information on the tectonics of the 
region during magma generation, but their varying relationships to overprinting deformational and metamorphic 
events provide important constraints the nature and timing of these events.  At least four phases of deformation are 
recorded by rocks in the field area and they reveal a complex history of evolving tectonic activity from Late Silurian 
through Mesozoic time. 

 

The groundwork for this field trip was laid by previous workers who mapped the spatial distributions of the 
various rock types and described their relationships to one another.  Hatheway (1969), as a part of his Ph.D. research 
at Cornell University, was the first to describe many of the rocks visited on this trip.  Although never formally 
published, he provided the first bedrock geologic map of the area (the old Wiscasset 15’ quadrangle at a scale of 
1:62,500).  Subsequent 1:24,000 scale mapping by Hussey (1992) in the Westport 7.5’ quadrangle (southern-most 
part of this field area) and reconnaissance mapping by Newberg (1992) in the Wiscasset 7.5’ quadrangle provided 
additional details.  Much of this work was summarized and discussed in detail in association with the Maine 
Geological Survey’s publications on the bedrock geology of the Bath 1:100,000 quadrangle (Hussey and Marvinney, 
2002; Hussey and Berry, 2002).  Finally, Grover and West (2014) and West (in press) have recently mapped the 
East Pittston 7.5’ quadrangle (northern part of the present study area), and Wiscasset 7.5’ quadrangles, respectively.     
 

 Please note that many of the stops on this field trip are located on private property, and arrangements to visit 
these sites apply only to this specific trip.  Later access to these locations is not implied and future visits will require 
permission of landowners prior to visiting.  Also note that several of the field trip stops are along busy highways and 
so please be extremely careful of speeding traffic.  

 
GEOLOGIC SETTING 

 

 The stratified rocks exposed in the area of this field excursion can be divided into four tectonostratigraphic 
sequences based on similarities in the ages and types of rocks exposed within each belt (Fig. 1).  From west to east 
these include (1) Ordovician metasedimentary and metavolcanic rocks of the Falmouth-Brunswick sequence 
(Nehumkeag Pond Formation), (2) Ordovician metasedimentary and metavolcanic rocks of the Casco Bay Group 
(Cape Elizabeth Formation), (3) Silurian metasedimentary and metavolcanic rocks of the Fredericton trough 
(Bucksport Formation), and (4) enigmatic rocks of uncertain age of the Passagassawakeag Gneiss.  A summary of 
each of these belts is provided below, but the reader is referred to Hussey and Berry (2002), and Hussey et al. (2010) 
for the details of rock types present, constraints on protolith ages, and interpretations of the contact relationships 
between the different belts.  Hussey et al. (2010; 2016) and Hussey (2015) provide a discussion of possible tectonic 
environments associated with the original formation of the stratified rocks in an actively evolving early Paleozoic 
oceanic setting between Laurentia on the western side and Ganderia on the eastern side (directions relative to present 
day coordinates).   
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Figure 1 (previous page). Generalized geologic map of the field area based on the work of Hatheway (1969), 
Osberg et al. (1985), Hussey (1992), Hussey and Marvinney (2002), Grover and West (2014), and West (in press).  
 
 Subsequent to original deposition of these stratified rocks, convergence between Laurentia and Ganderia in Late 
Silurian time led to the collision of these crustal blocks, with the intervening sedimentary basins and volcanic 
arc/back arcs becoming deeply buried, complexly deformed, metamorphosed, and periodically intruded by magmas.  
Evidence for at least three episodes of ductile deformation are present in the study area, and all the stratified rocks 
have been metamorphosed to amphibolite facies conditions.  Additionally, a diverse range of intrusive rock bodies 
can be found in the study area – diverse both in terms of their original igneous rock compositions and their 
relationships to overprinting deformational and metamorphic events. 
 

 Following the initial largely orthogonal juxtapositioning of the various terranes in Late Silurian-Early Devonian 
time, tectonic stresses evolved into a more transpressional regime and this resulted in widespread dextral shear 
deformational features associated with the development of the Norumbega fault system (see Ludman and West, 
1999; Kuiper, 2016; Swanson, this volume).  The last stages of tectonic activity recorded in the bedrock involve the 
development of two significant high-angle brittle faults that likely formed during Mesozoic time. 
 
Tectonostratigraphic Belts 
 

Falmouth-Brunswick sequence 
Metamorphosed Ordovician aged sedimentary and volcanic rocks of the Falmouth-Brunswick sequence in the 

northern part of this field trip (Dresden area) are represented by the Nehumkeag Pond Formation.  The Falmouth-
Brunswick sequence, first introduced by Hussey (1985) for gneissic rocks exposed along the northwestern margin of 
Casco Bay, was previously included in the Casco Bay Group (Hussey, 1988).  Hussey and Berry (2002) later 
separated these rocks from the Casco Bay Group and lithologies correlated with the Falmouth-Brunswick sequence 
have now been mapped continuously from Falmouth to just north of Brooks, Maine – a distance of over 125 kms.  
All of the units included within the Falmouth-Brunswick sequence have been interpreted to represent deformed and 
metamorphosed rocks associated with Ordovician volcanic arc activity built upon a crustal fragment of non-North 
American affinity (the FBCB volcanic arc complex of Hussey et al., 2010, built on a Ganderian crustal fragment).   

 

The Nehumkeag Pond Formation is dominated by felsic gneisses and granofels, but locally mappable members 
include amphibolite, pelitic schist, rusty schist, and impure marble (e.g., West et al., 2010; Grover and West, 2014).  
Hussey at al. (2010) report a U-Pb SHRIMP zircon age of 472 ± 7 Ma obtained from a felsic gneiss collected from 
the Nehumkeag Pond Formation in the Brunswick 7.5’ quadrangle.  These authors interpret this age to reflect the 
timing of felsic volcanism and thus reflective of the original depositional age of protoliths of the Falmouth-
Brunswick sequence.  They were subsequently all metamorphosed to high grades. 
 
Casco Bay Group 
 The Casco Bay Group consists of a conformable sequence of metavolcanic and metasedimentary units of 
Middle to Late Ordovician age.  Although not all of the individual formations are present everywhere along strike, 
rocks assigned to the Casco Bay Group can be found continuously along a 150 km long northeast-trending belt 
extending from the Portland area to the south, through to just south of Bangor (see Osberg et al., 1985).  All of the 
rocks of the Casco Bay Group have been interpreted to represent volcanism and sedimentation in a back-arc tectonic 
setting on Ganderian crust (West et al., 2004) and represents a continuation of the FBCB arc volcanism and 
sedimentation (Hussey et al., 2010; Hussey, 2015). 
 

 In the immediate area of this field trip, only the Cape Elizabeth Formation of the Casco Bay Group is present. It 
is a metasedimentary unit dominated by interbedded mica schist and quartz-feldspar rich granofels.  In the area 
between Bath and Brunswick, many of the rocks of the Cape Elizabeth Formation have been extensively migmatized 
and intruded by granite dikes and sills.  Hussey (1992) has mapped thin (< 50 meters) but persistent amphibolite 
units within the Cape Elizabeth Formation in the Westport quadrangle (seen at Stop 2) and these horizons can be 
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traced further north into the Wiscasset quadrangle (West, in press).  The metavolcanic Spring Point Formation 
conformably overlies the Cape Elizabeth Formation, and further north along strike in south-central Maine a 469 ± 3 
Ma U-Pb zircon age from felsic volcanic rocks in this unit (Tucker et al., 2001) support a Middle to Late Ordovician 
age for the Casco Bay Group. 
 
Passagassawakeag Gneiss 

Adjacent to the Cape Elizabeth Formation and repeated by folding to the east lies an enigmatic belt of strongly 
deformed, sillimanite + K-feldspar grade metamorphic rocks that we correlate with the Passagassawakeag Gneiss 
(originally defined by Bickel, 1976 in the Belfast area).  Osberg et al. (1985) show this belt of rocks as being 
continuous from just south of Bangor to about 15 kilometers north of the area of this field trip.  More recent 
mapping shows these rocks actually extend down to the Wiscasset area (Grover, 2007; Grover and Newberg, 2016; 
West, in press), and this belt of high-grade metamorphic rocks can now be shown to be continuous for almost 75 
kilometers along strike.  These rocks have been referred to by various names along the strike length of the belt, 
including the Burketville Complex (West, 2006; West et al., 2010), and the Dyer Long Pond Complex (Grover, 
2007; Grover and Newberg, 2016).  Although we acknowledge differences along strike, the general similarities 
compel us to refer to them all collectively as “Passagassawakeag Gneiss” following the original designation of 
Bickel (1976) in the Belfast area.  The current knowledge is that the rocks represent a high-grade metamorphic 
complex; a continuous belt containing variable percentages of schist, sheared plutonic rocks, and migmatitic 
components (seen at Stops 5a & 5b).  Multiple phases of ductile deformation and high grade metamorphism have 
hindered interpretations of the original protolith age and tectonic affinity of these rocks.  Although the distribution 
of the Passagassawakeag Gneiss has been mapped, little detailed study has been completed and its significance 
remains poorly understood. 

 
Fredericton Belt 

Southeast of the Casco Bay Group and Passagassawakeag Gneiss lie metamorphosed Silurian turbidites of the 
Fredericton trough.  This belt of rocks extends from southern New Brunswick (Kingsclear Group) down through 
southern Maine and has been interpreted to represent sedimentation in a foredeep tectonic setting (Fyffe et al., 2011; 
Reusch and van Staal, 2012).  In south-central Maine, these rocks are represented by the Bucksport and Appleton 
Ridge formations, although only the Bucksport Formation is exposed in the area of this field trip.  The Bucksport 
Formation consists of interlayered biotite granofels and calc-silicate granofels and extensive exposures will be 
visited at Stop 5.  
 
Contacts between the Tectonostratigraphic Belts 
 Rocks of the Falmouth-Brunswick sequence and Casco Bay Group are juxtaposed along various faults and 
shear zones associated with the Norumbega fault system.  In the northern Casco Bay region to the southwest, this 
boundary is represented by the Flying Point fault (Hussey and Marvinney, 2002), and further northeast in the 
Dresden area of this field trip they are juxtaposed along the Dresden shear zone (Grover and West, 2014) and 
Eastern River fault (West et al., 2010; West, in press).  Hussey et al. (2010) have suggested these somewhat 
similarly aged belts (~ 460-475 Ma) formed in an evolving arc to back-arc tectonic environment centered on a sliver 
of peri-Gondwanan crust (FBCB arc of Hussey et al., 2010).  These rocks were then accreted to the Laurentian 
continental margin during the early stages of the Acadian orogeny (van Staal and Barr, 2012), and further disrupted 
by later faulting associated with the Norumbega fault system (West et al., 1993; West and Roden-Tice, 2003). 
 Rocks of the Casco Bay Group and Fredericton Belt are juxtaposed along the Boothbay thrust fault (Hussey, 
1986; Hussey and Marvinney, 2002; Hussey and Berry, 2002).  This east-verging thrust places the older Ordovician 
rocks of the Casco Bay Group above the younger Silurian rocks of the Fredericton belt.  The thrust faulting has been 
interpreted to have occurred early in the accretionary process as it appears to have pre-dated high-grade 
metamorphism and the dominant folding episode (i.e., F2 upright isoclinal folds) in the region (Hussey and Berry, 
2002).  The Boothbay thrust likely correlates with the Liberty-Orrington thrust of Tucker et al. (2001) further to the 
northeast along strike. 
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 The relationship between rocks of the Passagassawakeag Gneiss and surrounding rocks of the Casco Bay and 
Fredericton belts is unclear, but the strong belief is that all contacts surrounding the Passagassawakeag Gneiss are 
tectonic.  Further to the northeast along strike, rocks of the Passagassawakeag Gneiss are found between rocks of the 
Casco Bay (on the west side) and Fredericton belts (on the east side) and metamorphic discontinuities and strong 
shear fabrics are observed near marginal contacts with these adjacent belts (Pollock, 2010).  However, in the area of 
this field trip and adjacent areas to the northeast (Grover, 2007; Grover and Newberg, 2016), rocks of the 
Passagassawakeag Gneiss are found both within and to the east of the Fredericton belt.  Structural relationships 
associated with the Passagassawakeag Gneiss are complex everywhere along strike and clearly more detailed studies 
of all aspects of this rock unit are warranted.                
 
Plutonic Rocks 
 Intrusive igneous rocks in the Wiscasset – Dresden corridor can generally be divided into three general groups 
based on crystallization age and their relationships to deformational and metamorphic events.  These include, from 
oldest to youngest:  
 

(1) Strongly deformed, Late Silurian to Early Devonian rocks of the Blinn Hill plutonic complex and Oak 
Island Gneiss.  The area previously mapped as the Blinn Hill pluton (Hatheway, 1969; Newberg, 1992) has 
been shown to contain three separate intrusive rock types: (1) strongly foliated to mylonitized biotite 
granodiorite, (2) foliated two-mica granite, and (3) weakly to unfoliated muscovite-rich granite and 
associated migmatites (Condit, 2011; Grover and West, 2014, West, in press).  All of these plutonic rock 
types are intrusive into Middle Ordovician meta-sedimentary rocks of the Cape Elizabeth Formation.  
Tucker et al. (2001) reported a U-Pb zircon igneous crystallization age of 424 ± 2 Ma for the biotite 
granodiorite phase of this intrusive complex.  Condit (2011) attempted to determine the igneous 
crystallization age of the foliated two-mica granite and reports a U-Pb age of 414 ±7 Ma (2 σ uncertainty) 
based on 16 concordant zircon SHRIMP analyses.  No attempts have been made to date the crystallization 
of the muscovite-rich granite, but based on its relative lack of overprinting deformational fabrics, it is likely 
Middle to Late Devonian in age.  The Oak Island Gneiss of Hussey (1992) has also not been dated, but 
based on structural similarities with other highly deformed intrusive bodies within the Cape Elizabeth 
Formation (e.g., Blinn Hill granodiorite, Lake St. George granite gneiss), it is believed to have originally 
crystallized in Late Silurian time.   

(2) The Edgecomb Gneiss of probable Late Silurian to Early Devonian age.  This very distinctive rock type, 
first recognized by Hatheway (1969), is a dark gray orthogneiss with distinctive large white feldspar augen.    
This rock is found as sills within the Bucksport Formation near its western margin, but it has not been 
observed to be in direct contact with rocks in adjacent tectonic belts.  Although individual sills are not more 
than about 75 meters wide, the presence of these rocks has been traced for over 10 kilometers along strike 
(Hatheway, 1969).  The Edgecomb Gneiss appears to represent strongly deformed (small-scale F2 folds are 
common in the gneiss) and recrystallized dioritic intrusions in the Bucksport Formation and work is 
currently in progress to determine its original crystallization age and subsequent deformational and 
metamorphic history.   

(3) Weakly foliated, Middle to Late Devonian granites, granitic pegmatites, and associated migmatites.  As 
discussed by Hussey and Berry (2002), these rock types are common in a belt extending from the southern 
portions of the Phippsburg and Georgetown peninsulas, northward through Bath and Wiscasset, and 
extending north to the Dresden Mills and Whitefield areas.  The larger mappable bodies are generally 
relatively narrow (< 1 km) and elongate in a north-south direction parallel to the dominant fabrics in the 
surrounding country rocks, though the rocks themselves are not strongly foliated.  The mappable bodies 
and the smaller granites and pegmatites contain accessory muscovite and/or garnet ± tourmaline 
characteristic of peraluminous compositions. Although radiometric ages are not available from these rocks, 
their relationship to dated Late Devonian deformational and metamorphic events in the area (West et al., 
1993) implies a Middle to Late Devonian age of intrusion. 
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Structural Geology 
 The nature and timing of structural events in the Wiscasset – Dresden Mills area of Maine is complex and we 
have not attempted to tease out the details of what was undoubtedly a multi-phase history of deformation.  The high 
grade of metamorphism and associated extensive migmatization that is present over much of the area does not lend 
itself well to working out structural complexities; lower grade rocks are present in adjacent regions and might be 
better suited for this.  Nonetheless, at least four distinct phases of deformation are suggested by previous work and 
our observations.   
 Early thrust faulting and associated recumbent folding (D1 deformation).  The earliest phase of deformation in 
the region appears to have been associated with the thrusting of the Casco Bay Group over the Fredericton Trough 
along the east-verging Boothbay thrust fault (Hussey, 1986).  Rare recumbent folds in the Wiscasset area (e.g., Stop 
3b) are probably associated with this phase of deformation and they have also been documented elsewhere in the 
region (e.g., Small Point area, see Hussey, 2012; Eusden et al., this volume, and Boothbay area, see Hussey and 
Berry, 2002, their Fig. 45).  In the Boothbay area (Hussey and Marvinney, 2002) the Boothbay thrust does not 
coincide with any structural or metamorphic discontinuities, and it has been deformed by subsequent folding 
episodes.  For these reasons, the juxtapositioning of the Casco Bay and Fredericton belts, and the associated 
deformation, likely occurred during the earliest phases of Acadian deformation (i.e., Late Silurian time). 
 Upright isoclinal folding and associated steep foliation (D2 deformation).  In general, compositional layering 
and foliation are parallel to each other, and similarly parallel the axial surfaces of small-scale, north-northeast 
trending, tight isoclinal folds.  These features are interpreted to be related and are correlated with the regionally 
extensive F2 folding event of Hussey (1988).  This deformation is the most widespread in the region and is largely 
responsible for the spatial distribution of the various rock units in the region.  Given that structures associated with 
this event are found in the 424 ± 2 Ma Blinn Hill granodiorite (and the Edgecomb Gneiss), it is believed this 
deformational event is Early Devonian in age and marks the main phase of Acadian deformation in the region.       
 Dextral shear deformation (D3 deformation).  Superimposed on structures associated with the D2 deformational 
event, particularly in the northern part of the study area (near Dresden Mills), are structures consistent with dextral 
shear deformation.  These include structures distributed over larger areas such as asymmetric folds, asymmetric 
boudinage, shear-band fabrics, as well as relatively localized zones of intense mylonitic deformation.  The most 
extensive of the more localized zones, the Dresden shear zone (Grover and West, 2014; West, in press), is associated 
with the regionally extensive Norumbega fault system (Ludman and West, 1999).  The Dresden shear zone is a 
northeast trending zone up to 1.5 kilometers wide that is centered on the contact between rocks of the Nehumkeag 
Pond and Cape Elizabeth formations, and affects the northwestern margin of the Blinn Hill plutonic complex.  The 
deformation within this zone is heterogeneously distributed, and includes zones of moderately intense shearing, to 
zones of mylonite and ultramylonite.  Steep foliations and sub-horizontal mineral lineations are common within the 
high-strain zones, as are kinematic indicators consistent with dextral shear.  Another area of focused dextral shear 
can be found along the southeastern margin of the Cape Elizabeth Formation near its contacts with adjacent rocks of 
the Passagassawakeag Gneiss and Fredericton belts.            
 Brittle faulting (D4 deformation).  The last phase of significant deformation in the region is associated with two 
late brittle faults.  The Eastern River fault, mapped in the northwestern portion of the Wiscasset 7.5’ quadrangle 
(West, in press) and adjacent Richmond 7.5’ quadrangle (West et al., 2010), appears to be a northeastern extension 
of the Flying Point fault in the northwestern Casco Bay region.  The fault is characterized by numerous structural 
features consistent with post-metamorphic brittle deformation, including zones of cataclasite and fault breccia, zones 
where foliation has been rotated to high angles with respect to the regional trend, steeply dipping small-scale faults 
with slickensided surfaces, and zones of silicification and retrograde metamorphism.  Dramatic thermochronologic 
discontinuities to the southwest along the Flying Point fault suggest some aspects of this faulting is Mesozoic in age 
(West et al., 1993; West and Roden-Tice, 2003).  The Back River fault, first recognized by Hatheway (1969, 
referred to as the Edgecomb fault), is located beneath the Sheepscot and Back River estuaries immediately east and 
south of the village of Wiscasset.  This fault is easily delineated on geologic maps on the basis of left separation of 
formational contacts of up to 1.5 kilometers (Hatheway, 1969; Hussey, 1992; West, in press).  Although the main 
trace of this fault is beneath the Sheepscot and Back Rivers, similar to the Eastern River fault, exposures of small-
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scale brittle faults, contorted foliation orientations, silicified zones, and retrograde metamorphism can be found 
locally along the shores of these rivers.  Other small scale brittle faults with steeply plunging slickenlines can locally 
be observed in other regions removed from these two more significant faults (e.g., Stop 5f).             
 
Metamorphism 
 Although the metamorphism in the area of this field trip has not been studied in detail, all previous studies, and 
observations by the authors, suggest the stratified rocks throughout the region have been subjected to upper 
amphibolite facies metamorphic conditions (Hatheway, 1969; Hussey, 1992).  Hussey and Berry (2002, p. 39) show 
the entire area of this field trip being on the high-grade side of a migmatite front that coincides with the position of a 
sillimanite + K-feldspar isograd.  Mapping by the authors suggests some variability in the degree of migmitization in 
rocks of the Cape Elizabeth Formation through the field area, but further study will be required to determine the 
details of this variability.  Although no aluminosilicate minerals other than sillimanite have been observed in the 
field area, andalusite in pelitic rocks to the south (e.g., Dunn and Lang, 1988; Eusden et al., this volume) suggest all 
of the metamorphism is the region is of the low pressure variety (i.e., Buchan style).  40Ar/39Ar hornblende ages 
from this area are Late Devonian and indicate the time of cooling following the latest amphibolite facies 
metamorphic event in the region (West et al., 1993).    
 

SUMMARY OF THE TECTONIC HISTORY OF THE WISCASSET-DRESDEN AREA 
 

 The earliest recorded activity preserved in the bedrock underlying the Wiscasset-Dresden area is Middle 
Ordovician volcanism and associated sedimentation preserved in the Falmouth-Brunswick sequence (i.e., 
Nehumkeag Pond Fm.).  Hussey et al. (2010; and see figures 9 and 10 in Hussey, 2015) suggested this volcanic 
activity was the result of the eastward subduction of oceanic lithosphere beneath a fragment of non-North American 
crust (an isolated sliver of Ganderia) within an ocean basin east of Laurentia - referred to by these authors as the 
Merribuckfred Basin. Subduction continued during the latter part of the Ordovician and eventual spreading behind 
the FBCB arc led to the volcanism and sedimentation that is preserved in the Casco Bay Group.  In the Wiscasset-
Dresden area, this is only represented by meta-sedimentary rocks of the Cape Elizabeth Formation which have been 
interpreted to represent volcanogenic sedimentary rocks deposited in association with the arc volcanism (West et al., 
2004; Hussey et al., 2010).  Additionally, during the latest Ordovician and into the Silurian, thick accumulations of 
sediment derived from both Laurentian sources to the west (Central Maine basin sediments) and Ganderian sources 
to the east (Merrimack and Fredericton basin sediments) were deposited and eventually buried the older arc 
sequence.  In the present field area these are represented by the Bucksport Formation of the Fredericton trough. 
 

 Beginning in Late Silurian time, the convergence of Laurentia and Ganderia led to the closing of the 
Merribuckfred Basin, and widespread orogenesis associated with the Acadian orogeny began (Bradley et al., 2000; 
Tucker et al., 2001).  In the Wiscasset area, this began with the thrust faulting of the Casco Bay rocks over the 
Fredericton belt along the Boothbay thrust (D1 above).  Coincident with this thrusting, or soon thereafter (latest 
Silurian to earliest Devonian time), intrusion of magma associated with the Blinn Hill plutonic complex, the Oak 
Hill gneiss, and perhaps the Edgecomb Gneiss occurred in the recently juxtaposed Casco Bay and Fredericton belts.  
This was followed in later Devonian time by abundant folding and fabric development associated with 
compressional deformation (D2 above), as well as regional low pressure metamorphism, and granite intrusion.  Later 
in the Paleozoic, tectonic stresses became transpressional and ductile dextral shear features developed (D3 above) in 
association with the regionally extensive Norumbega fault system (Dresden shear zone in this field area).  Finally, 
probably in Mesozoic time, significant brittle displacement along the Eastern River and Back River faults occurred 
(D4 above).   
 

ACKNOWLEDGMENTS 
 Dave West acknowledges the long-standing support of the Maine Geological Survey STATEMAP program for 
providing funding for his field work in south-central and mid-coastal Maine.  Henry Berry of the Maine Geological 

171



B4-8 WEST AND CONDIT  

Survey and Arthur Hussey of Bowdoin College are thanked for sharing their deep knowledge and enthusiasm for all 
aspects of the geology in this region.  The original 1:62,500 scale mapping of Richard Hatheway in association with 
his Ph.D. dissertation, the reconnaissance mapping of Don Newberg, as well as the detailed mapping of Arthur 
Hussey in the Westport quadrangle provided a fundamental base of knowledge for our later work in the Wiscasset-
Dresden area. 
 

ROAD LOG 
 

Meeting point: (UTM: 0443035 m E, 4869000 m N: NAD 27) The 8:30 am meeting point for the field trip will be 
at the Shaws Supermarket located about 3 miles southwest of the village of Wiscasset (670 Bath Road, Wiscasset) 
on the southeastern side of Rt. 1.  We will convene in the northern corner of the parking lot for a brief overview of 
the trip.  Additionally, Stop #1 involves examining a small bedrock exposure at this location.  Note all GPS 
coordinates listed in this field guide are NAD 1927 datum.   
 
Stop 1:  OAK ISLAND GNEISS OF HUSSEY (1992)  
 (UTM: 0443035 m E, 4869000 m N in the Westport 7.5’ quadrangle). 
 

The small low outcrop along the northern edge of the grocery store parking lot is an unmapped northern 
extension of the Oak Island Gneiss of Hussey (1992).  This belt of granitic gneiss within the Cape Elizabeth 
Formation is found in a north-northeast trending belt that is at least 10 kilometers long and up to 650 meters wide.  
The rocks exposed here are nearly vertically dipping, strongly foliated granitic gneisses with abundant less deformed 
pegmatite sill.  This unit most likely represents a strongly deformed and recrystallized granitic intrusion within the 
Cape Elizabeth Formation.  Although no radiometric ages are available from the Oak Island Gneiss, it is believed to 
be Late Silurian in age based on similarities with dated deformed granitic rock bodies within the Cape Elizabeth 
Formation further north along strike (e.g., Blinn Hill and Lake St. George plutons).  Return to vehicles. 
 

Mileage 
0.0 Depart the Shaws grocery store parking lot and turn left onto Rt. 1 South. 
0.3 Turn left onto Rt. 144 South. 
1.3 Make a hard left turn and stay on Rt. 144 South. 
2.2 Make a hard right and stay on Rt. 144 South. 
3.1 Cross the Cowseagan Narrows Bridge over to Westport Island. 
3.2 Turn left onto Lord Road. 
3.8 Quick right and then quick left “zig-zag” and continue north on Lord Road.  Do not take Ratcliffe Road. 
4.3 Turn left onto Boat Yard Road and proceed to the end and park. 
 
Stop 2: AMPHIBOLITE MEMBER IN THE CAPE ELIZABETH FORMATION. 
 (0446800 m E, 4870340 m N in the Westport 7.5’ quadrangle). 
 

 The shoreline exposures immediately to the left (south) of the boat launch reveal a thin (< 25 m) amphibolite 
within the Cape Elizabeth Formation.  Hussey (1992) has mapped this unit for nearly the entire length of the 
Westport quadrangle where its map pattern outlines north-northeast trending, upright isoclinal folds (F2 folds).  The 
amphibolite exposed here contains a relatively simple hornblende + plagioclase mineralogy, but the unit is often 
associated with coarse-grained calc-silicate rocks at other locations along strike.  Although the protoliths of 
amphibolites are often thought to be mafic igneous rocks, the association with calc-silicate rocks casts doubt on this 
interpretation here (i.e., they could be metamorphosed impure carbonate rocks).  Exposures north of the boat launch 
are interlayered mica schists and impure quartzites of the Cape Elizabeth Formation.  Relatively steep plunging folds 
(F3) can be found deforming compositional layering and foliation.  Return to vehicles and drive back to Lord Road.   
 
4.5 Turn right onto Lord Road. 
4.9 Quick right and then quick left “zig-zag” and continue south on Lord Road.  Do not take Ratcliffe Road. 
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5.5 Turn right onto Rt. 144 South and proceed north back to Rt. 1 
8.4 Turn right onto Rt. 1 South. 
11.8 Turn left onto Rt. 27 North and prepare to take an immediate left turn into parking lot. 
11.8 Turn left into the back parking lot of the Wiscasset Municipal Building.  
 
Stop 3a: UNMIGMATIZED CAPE ELIZABETH FORMATION  
 (0446220 m E, 4872500 m N in the Wiscasset 7.5’ quadrangle)   
 

The outcrop in the back of the parking lot provides a representative exposure of unmigmatized, interlayered 
schist and impure quartzites of the Cape Elizabeth Formation of the Casco Bay Group.  Compositional layering and 
foliation are roughly parallel and oriented approximately N15oE, 65oSE with prominent mineral lineations plunging 
moderately to the southwest.  Careful examination of some muscovite rich foliation surfaces reveals the presence of 
small amounts of fibrolitic sillimanite.  Walk the short distance out to Rt.1, turn right (southwest), and walk 
approximately 100 meters along the sidewalk to a prominent road-cut exposure.     
 
Stop 3b:  RE-FOLDED FOLDS IN THE CAPE ELIZABETH FORMATION 
 (0446075 m E, 4872335 m N) 
 

 Careful examination of one of the prominent joint surfaces at this exposure reveals rare evidence of an earlier 
episode of recumbent folding within rocks of the Cape Elizabeth Formation.  Evidence for this generation of folding 
in the Casco Bay Group (F1 folds of Hussey, 1988) is slightly more common in the Boothbay (Hussey and Berry, 
2002), and Small Point areas (Hussey, 2012; Eusden et al., this volume) to the south.  This generation of folds does 
not appear to exert any significant control on the spatial distribution of map units in this area.  Return to vehicles. 
 
11.9  Exit parking lot towards the west (opposite the direction you entered) and turn right onto Churchhill St. 
12.3 Turn left onto Willow Lane and proceed west. 
14.9 Intersection with Lowell Town Road.  Proceed straight across and continue on Willow Lane.  
15.1 Pull off the right side of the road and park. 
 
Stop 4: Migmatized Cape Elizabeth Formation. 
 (0442677 m E, 4875295 m N in the Wiscasset 7.5’ quadrangle) 
  

 The exposures of interest are found in pavement-like exposures approximately 50 meters up a logging 
road/snowmobile trial leading into the woods from the eastern side of the road.  These rocks are more typical of the 
Cape Elizabeth Formation in this area as they are extensively migmatized and intruded by pegmatite dikes and sills. 
Although the overall northeasterly strike and steep dip can be seen in this exposure, the smaller-scale swirly pattern 
of layering within the exposure is a common feature within the extensive zone of migmatization that exists in the 
corridor between Bath and Wiscasset.   
 
Return to vehicles, turn around and proceed east back towards Wiscasset on Willow Lane. 
 
15.4 Intersection with Lowell Town road, continue straight across on Willow Lane towards the east.  
18.0 Turn left on Churchhill Street and prepare to immediately turn right. 
18.0 Turn right onto unnamed road. 
18.1 Intersection with Rt. 27.  Turn right onto Rt. 27 south, and prepare to immediately turn left. 
18.1 Turn left onto Hooper Street. 
18.4 Turn left onto Federal Street/Rt. 218 North. 
19.6 Turn right onto Old Sheepscot Road. 
19.9 Turn right onto River Point Road.  You will pass many large road-cuts, but ignore them, we will return! 
20.8 Dead End at the Sheepscot River.  Stop and Park. 
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Stop 5 (overview):  DETAILED TRAVERSE ACROSS PASSAGASSAWAKEAG, FREDERICTON, AND 
CASCO BAY TERRANES. 

 (0448956 m E, 4873903 m N in the Wiscasset 7.5’ quadrangle) 
 

The rocks exposed along the roads in this subdivision offer an unparalleled perpendicular to strike view of 
several prominent rock units in the southeastern part of the Wiscasset quadrangle (Fig. 2).  These include strongly 
deformed migmatitic gneisses of the Passagassawakeag Gneiss, the Bucksport Formation of the Fredericton belt, 
peculiar rocks of the Edgecomb Gneiss, and schistose rocks of the Cape Elizabeth Formation.   

 

Evidence for all four phases of deformation outlined earlier can be seen at various points along the traverse.  
These include: (D1) Interpreted overthrusting of older rocks of the Cape Elizabeth Formation and Passagassawakeag 
Gneiss over younger rocks of the Bucksport Formation along the Boothbay thrust fault.  This contact will be crossed 
in two different places along this traverse as the structure here is basically a structural window through the older 
rocks down into younger rocks in the lower plate. (D2) Shallow plunging, northeast-trending, tight, upright folds and 
associated steeply dipping schistosity. (D3) Asymmetric fabrics associated with dextral shear deformation. (D4) Late 
brittle faulting associated with the nearby Back River fault.  The traverse will begin on the southeastern side of the 
exposed section and proceed across strike to the northwest – exploring the various juxtaposed rock types along the 
way, and allowing for discussions/speculations on their relationships to one another.    
 
Stop 5a: PASSAGASSAWAKEAG GNEISS 
 (0448956 m E, 4873903 m N) 
 

The outcrops exposed along the Sheepscot River and in the large blasted exposure at the end of the road are 
strongly sheared migmatitic gneiss that are interpreted to represent the southern-most extent of the 
Passagassawakeag Gneiss complex (originally defined by Bickel, 1976).  Recent mapping in south-central Maine 
has shown that this relatively narrow belt (< 5 km wide) of high-grade metamorphic rocks is continuous for almost 
75 kilometers along strike – from this location to just south of Bangor (see earlier cited references).  These rocks 
here are dominated by highly sheared feldspathic gneisses and schists, occasional sillimanite-bearing schist 
horizons, and boudinaged amphibolite.  On freshly blasted surfaces, the migmatites are characterized by numerous 
sheared alkali feldspar porphyroclasts within a dark biotite rich matrix.  Additional expansive pavement outcrops 
can be found up just up the hill on the inside of the hairpin turn.     
 
Stop 5b:  BOOTHBAY THRUST FAULT CONTACT BETWEEN THE PASSAGASSAWAKEAG GNEISS 

AND BUCKSPORT FORMATION (EASTERN CONTACT)  (0448960 m E, 4874045 m N) 
 

 An unfortunate covered interval approximately 25 meters wide obscures the contact between the 
Passagassawakeag Gneiss (east side) and interlayered biotite and calc-silicate granofels of the Bucksport Formation 
of the Fredericton trough (west side).  This is the location of the Boothbay thrust fault with older rocks of the 
Passagassawakeag Gneiss to the east being in overriding hanging wall, and younger rocks of the Bucksport 
Formation being in the footwall.  This early, presumably relatively flat-lying structure (D1), was subsequently 
deformed by upright folding (D2) and thus the low-angle nature of the original thrust has been rotated to a near 
vertical orientation.  The Bucksport Formation contains interlayered biotite and calc-silicate granofels that, based on 
correlations to the northeast along strike, are interpreted to represent metamorphosed calcareous turbidites that were 
deposited in the Early Silurian (Ludman, 1991; Fyffe, 1995; Fyffe et al., 2011).  Compositional layering and 
foliation are essentially parallel in the Bucksport Formation here and careful examination reveals small-scale, 
shallow-plunging, tight upright isoclinal folds.        
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Figure 2.  Detailed relationships associated with Stops 5a – 5l (see text for details). Geology after West (in press). 

 
Stop 5c: BUCKSPORT FORMATION OF THE FREDERICTON BELT 
 (0448685 m E, 4874080 m N) 
 

This long road cut affords additional opportunities to view interlayered biotite and calc-silicate granofels of the 
Bucksport Formation of the Fredericton belt.  These rocks correlate with Silurian turbidites of the Flume Ridge 
Formation in the Fredericton Trough (Kingsclear Group) in eastern Maine and adjacent New Brunswick (Ludman, 
1991; Fyffe, 1995; Fyffe et al., 2011).  In these areas rocks of the Fredericton Trough were deformed prior to the 
intrusion of latest Silurian plutons (West et al. 1992) and this phase of deformation (Salinic Orogeny) may have 
been responsible for the formation of the Boothbay thrust fault.      
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Stop 5d:  EDGECOMB GNEISS  
 (0448405 m E, 4874146 m N) 
 

The low blasted road cuts on both sides of the road expose the very distinctive rocks of the Edgecomb Gneiss.  
These rocks, first described by Hatheway (1969), are found as relatively narrow (< 50 meters wide) sills within 
Silurian rocks of the Bucksport Formation.  Small exposures of these stratified rocks can be seen a few meters the 
east of the main outcrop.  The Edgecomb Gneiss is a dark gray porphyroblastic gneiss that contains distinctive light 
colored layers rich in relatively large feldspar augen, and recrystallized quartz and feldspar.   

 

Although the spatial distribution of sills of Edgecomb Gneiss have been previously mapped (Hatheway, 1969; 
Hussey, 1992; West, in press), no detailed studies on this unique rock have been completed and thus little is known 
about the nature or age of the protolith rocks (these studies are now in progress).  A favored hypothesis is that the 
Edgecomb Gneiss originated as porphyritic diorite intrusions into Silurian rocks of the Bucksport Formation and 
they were then subsequently deformed and recrystallized by overprinting tectonic events.  Evidence of these 
overprinting events can be seen at this exposure in the form of shallow plunging, upright folds within the gneiss and 
associated steep dipping, northeast striking foliation (D2 deformation).  In some ways, both in terms of a possible 
original porphyritic mafic igneous protolith found as narrow sills and the nature of overprinting deformation, rocks 
of the Edgecomb Gneiss resemble rocks of the Lincoln syenite/sill (West et al., 2007; Marsh et al., 2009).  Studies in 
progress will test this hypothesis.   

 

In addition to the Edgecomb Gneiss exposed here, note the presence of younger cross-cutting pegmatites on the 
west side of the exposure, as well as several steeply dipping brittle faults with well-developed slickenlines on their 
surfaces (examples of D4 brittle deformation likely related to faulting along the Back River fault less than a 
kilometer to the southeast).  

 
Stop 5e:  BOOTHBAY THRUST FAULT CONTACT BETWEEN THE PASSAGASSAWAKEAG GNEISS 

AND BUCKSPORT FORMATION (WESTERN CONTACT)   
 (0448275 m E, 4873983 m N) 
 

This location marks the western fault contact (Boothbay thrust) between the Bucksport Formation (east side) 
and Passagassawakeag Gneiss (west side).  In essence, the traverse thus far has crossed into and out of a tectonic 
window through older hanging wall rocks of the Passagassawakeag Gneiss and into younger rocks of the Bucksport 
Formation in the footwall.  A simple interpretation of the larger scale structure here is that the earlier relatively flat-
lying Boothbay thrust has been folded into a tight upright antiformal structure (D2) which has brought the younger 
footwall rocks of the Bucksport Formation to the surface.   
 
Stop 5f:  EDGECOMB GNEISS SILL IN THE BUCKSPORT FORMATION 
 (0448260 m E, 4873820 m N) 
  

 The goal of the next several stops is to illustrate that deformed sills of the Edgecomb Gneiss are contained 
entirely within the Bucksport Formation.  Earlier maps (Hatheway, 1969; Hussey, 1992) have suggested that the 
Edgecomb Gneiss is found directly on the contact between the Bucksport and Cape Elizabeth formations and is 
intrusive into both units.  More detailed mapping along the length of the Edgecomb Gneiss exposures have not 
revealed any direct contacts with rocks of the Cape Elizabeth Formation or Passagassawakeag Gneiss and thus the 
Edgecomb Gneiss does not “seal the contact” between these units.  Additionally, the next several stops will also 
illustrate at least two sills of the Edgecomb Gneiss of significant width (10s of meters) within the Bucksport 
Formation.  Of course these may represent the same sill repeated by folding, but nonetheless, two sills can be found 
here and neither of these is in contact with rocks other than the Bucksport Formation.  This particular exposure of 
the Edgecomb Gneiss is continuous with the exposure seen at Stop 5d and represents the westernmost of the two 
Edgecomb Gneiss sills.      
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Stop 5g:  BUCKSPORT FORMATION   
 (0448307 m E, 4873836 m N) 
 

 This outcrop of Bucksport Formation is located in between two sills of Edgecomb Gneiss. 
Stop 5h:  BUCKSPORT FORMATION   
 (0448337 m E, 4873907 m N) 
 

 This outcrop of Bucksport Formation is also located in between the two sills of Edgecomb Gneiss. 
 
Stop 5i:  BUCKSPORT FORMATION AND EDGECOMB GNEISS   
 (0448529 m E, 4873942 m N) 
 

 This exposure marks the contact between Bucksport Formation and the more easterly sill of Edgecomb Gneiss.  
Additional exposures of Bucksport Formation can be found on the eastern side of this sill.   
 
Stop 5j:  BUCKSPORT FORMATION   
 (0448407 m E, 4874032 m N) 
 

 This outcrop of Bucksport Formation is located in between the two sills of Edgecomb Gneiss. 
 
Stop 5k:  EDGECOMB GNEISS   
 (0448361 m E, 4874058 m N) 
 

 This outcrop is continuous with the Edgecomb Gneiss sill (western) observed at Stops 5d and 5f.   
 
Stop 5l:  PASSAGASSAWAKEAG GNEISS – CAPE ELIZABETH FORMATION CONTACT 
 (0448241 m E, 4874339 m N) 
  

 Relationships on the western side of the Boothbay “thrust window” at this location are complicated by the 
juxtapositioning of the Passagassawakeag Gneiss with rusty weathering pelitic schists that are interpreted to be 
within the Cape Elizabeth Formation of the Casco Bay Group.  The rocks to the east (i.e., back up the hill towards 
the Fredericton belt and Edgecomb Gneiss) are feldspathic migmatitic gneisses with amphibolite boudins – similar 
to the rocks observed at Stop 5a.  The rocks to the west, however, are rusty-weathering, and much more pelitic 
(garnet and sillimanite are abundant in places), and thus are included in the Cape Elizabeth Formation.  
Additionally, dextral shear fabrics are much more common in these pelitic rocks (perhaps due to their weaker 
rheology) and for this reason this contact is interpreted to have been the result of later strike-slip faulting/shearing.  
Return to vehicles and return to Old Sheepscot Road via River Point Road. 
 
21.6 Turn left onto Old Sheepscot Road and return to Rt. 218. 
21.9 Turn left onto Rt. 218 South. 
22.1 Turn right onto West Alna Road. 
23.0 Turn left onto Fowle Hill Road. 
24.2 Turn right onto Rt. 27 North 
 
Mile 25.2:  GEOMORPHOLOGY NOTE:  Examination of Lidar imagery from this area (Fig. 3) reveals that the 

straight stretch of Rt. 27 in the vicinity of Dorr and Gibbs roads crosses several De Geer moraines (Linden 
and Möller, 2005) associated with the varying position of the subaquatic ice margin during Late Pleistocene 
deglaciation.  The close and regular spacing of these moraines suggests annual deposition, with each one 
marking where the position of the ice margin stabilized during the winter months (not everyone agrees with 
this simple interpretation).  A combination of radiocarbon and cosmogenic nuclide geochronology across the 
state of Maine suggests this occurred around 13,500 years ago (14C age) at this location (see the summary of 
Maine deglaciation chronology in Davis et al., 2015).     
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Figure 3.  Lidar image from an area along Rt. 27 between Wiscasset and Dresden.  Note the relatively closely 
spaced De Geer moraines that likely formed along progressively retreating aquatic ice margin contacts during 
deglaciation approximately 13,000 years ago (see above).   
 
27.2 Pull over to the right side (east) of Rt. 27 North opposite the long road-cut exposure. 
 

Stop 6:  BLINN HILL PLUTON  (43766 m E, 4880973 m N in the Wiscasset 7.5’ quadrangle) 
 

 The long road-cut on the west side of the road exposes a variety of plutonic rock types associated with the Late 
Silurian Blinn Hill plutonic complex.  The most common rock type is a light gray, medium- to coarse-grained, 
foliated, biotite ± hornblende granodiorite.  Tucker et al. (2001) obtained a U-Pb zircon age of 424 ± 2 Ma which 
they interpret to represent the original igneous crystallization age of this phase of the pluton.  A strong penetrative 
foliation and pervasive recrystallization textures observed in thin section indicate the granodioritic rocks have been 
overprinted by regional deformation and metamorphism.  Numerous unfoliated, light pink pegmatite dikes cross-cut 
the foliated granitoid rocks and likely intruded after significant penetrative deformation. 
 

 A full suite of post-igneous crystallization radiometric cooling ages have been determined from various 
minerals collected from this outcrop and provide insight into the uplift history of the region (40Ar/39Ar ages from 
West et al., 1993; fission track and (U/Th/He) ages from West et al., 2008).  The data indicate that the rocks in this 
region have not been subjected to any significant Late Paleozoic thermal events and underwent relatively slow 
cooling in response to uplift and erosion following high-grade metamorphism in Middle to Late Devonian time.  
This is in striking contrast to rocks less than 15 kilometers to the southwest on the other side of the Flying 
Point/Eastern River faults where muscovite, biotite, and K-feldspar 40Ar/39Ar cooling ages are approximately 50 
million years younger (West et al., 1993).  These dramatically contrasting thermal histories on opposite sides of 
these faults suggest significant Mesozoic displacements along these structures.         
 

Technique Mineral  Age (Ma)     ~ closure temp 
 

40Ar/39Ar Muscovite 298 ± 4   350oC       
40Ar/39Ar Biotite  288 ± 3     300 oC    
40Ar/39Ar K-feldspar 265 ± 4    250 oC     
Fission Track Apatite  129 ± 12  100 oC      
(U/Th)/He Apatite  103 ± 6       70 oC 
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Return to vehicles and continue north on Rt. 27. 
 

29.3 Turn right onto Blinn Hill Road 
30.6 Road forks, take the left fork and continue north on Blinn Hill Road. 
31.4 Low outcrops up the hill on the right side of the road are sheared Blinn Hill granodiorite. 
32.2 Top of Blinn Hill.  Spectacular views towards the west, however the hill is disappointingly devoid of outcrop. 
32.5 Intersection with Palmer Hill Road, continue straight on Blinn Hill Road. 
33.0 Intersection with Palmer Brook – located at the bottom of the hill where guardrails appear on both sides of the 

road.  Pull to the side of the road in a safe position and prepare to walk/bushwhack downstream (west) along 
Palmer Brook.  Note this is on PRIVITE PROPERTY, and permission should be secured prior to visiting. 

 
Stop 7:  NORUMBEGA FAULT SYSTEM HIGH STRAIN ZONE. 
 (traverse begins at 0445638 n E, 4887068 m N in the East Pittston 7.5’ quadrangle)   
 

Be forewarned, although the gentle west-flowing Palmer Brook provides nearly a full kilometer of abundant 
exposures along a perpendicular to strike traverse across a portion of the Norumbega fault system, parts of the 
traverse require walking over slippery rocks and climbing over downed trees and it is not recommended during wet 
conditions.  Newberg (1986) first pointed out these excellent exposures (his Stop 7a) during a 1986 NEIGC field trip 
through the area.  All of the rocks encountered along this traverse are highly sheared and included within the 
Dresden shear zone of the Norumbega fault system (Grover and West, 2014).     
 
Stop 7a: 
 (0445125 m E, 4887110 m N) 
 

 The first outcrops encountered are mylonitized muscovite-bearing rocks that are derived from the Cape 
Elizabeth Formation.  Many strongly foliated and lineated blocks of this lithology can be found in the stream, as 
well as outcrops in the stream and up the southern bank.  All subsequent exposures encountered downstream are 
mylonitized varieties of various Nehumkeag Pond Formation protoliths.  These include feldspathic gneisses, 
amphibolite, impure marble, and rusty weathering schist.  Mylonitic foliations trend approximately N30oE, generally 
dip steeply to the northwest, and often contain subhorizontal mineral lineations.  Kinematic indicators can be 
difficult to see in the fine-grained rocks, but oriented thin sections reveal consistent dextral shear kinematics.      
 

Stop 7b:  ULTRAMYLONITE ALONG A HIGH STRAIN ZONE ASSOCIATED WITH THE NORUMBEGA 
FAULT SYSTEM. 

 (0445000 m E, 4887125 m N) 
 

 The extensive exposures at this location represent the most strongly deformed rocks along the traverse.  These 
rocks are extremely fine-grained (nearly aphanitic) and thin sections reveal sub-millimeter bands of thoroughly 
recrystallized quartz, feldspar, and micaceous minerals.  This appears to be the core of the shear zone, although 
eventual diminishing exposures to the west of here prevent a thorough evaluation of any potential strain gradients to 
the west.  Turn around and slog your back up Palmer Brook and return to vehicles.  Turn around and proceed 
south on Blinn Hill Road. 
 

33.5 Turn left onto Palmer Road (unpaved). 
33.7 Pull over to the right and park.  Proceed to a series of low outcrops in the ditch on the north side of the road.  
 

Stop 8:  STRONGLY SHEARED (MYLONITIC) GRANODIORITE OF THE BLINN HILL PLUTON. 
 (0446005 m E, 4886153 m N) 
 

The low recently blasted outcrops in the right of way on the north side of the road are strongly sheared 
(mylonitic) granodiorite of the Blinn Hill plutonic complex.  These exposures are approximately 400 meters east of 
the fault-bounded margin of the Blinn Hill plutonic complex (Grover and West, 2014).  A strong northeast trending, 
steeply dipping penetrative foliation in this rock is defined by the parallel alignment of all the minerals in the rock, 
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including the large K-feldspar porphyroclasts that were inherited from the original granodiorite intrusion.  In thin 
section, the quartz is segregated into numerous mm thick bands that anastomose around the K-feldspar 
porphyroclasts.  Individual quartz grains within these bands are completely recrystallized into smaller (< 0.1 mm) 
elongate grains.  The margins of the large K-feldspar porphyroclasts show evidence of grain size reduction, but 
ductile deformation of these rigid clasts is lacking.  Return to vehicles and continue east on Palmer Hill Road. 

 

35.5 Geomorphology Note: The gravel pits on the right (east) side of the road are in deposits associated with the 
Palmer Hill Delta (Thompson, 2009a, b) – a glacial-marine delta that formed at the edge of the retreating ice 
sheet when sea-level was higher.  The contact between topset and foreset beds in these types of deltas mark 
the position of sea level when the deltaic sediments were deposited.  In deposits of the Palmer Hill Delta, the 
position of that contact indicates that sea level was 288 feet higher than it is today (Thompson 2009a).  A 
combination of radiocarbon and cosmogenic nuclide geochronology suggests this occurred around 13,500 
years ago (14C age) at this location (see the summary of Maine deglaciation chronology in Davis et al., 2015).     

  
35.6 Note the small outcrop of extensively migmatized Cape Elizabeth Formation on the left side of the road. 
35.6 Turn left onto Rt. 218 North. 
36.8 Intersection with wide powerline right of way.  Pull to the side and park. 
 
Stop 9:  LATE DEVONIAN MUSCOVITE GRANITE. 
 (0449635 m E, 4887632 m N parking area) 
 (0449690 m E, 4887861 m N, outcrop location:  both in the East Pittston 7.5’ quadrangle) 
 

 Walk to the north along the powerline right of way and stay to the east (right) side to encounter the best 
exposures.  The low outcrops that begin approximately a hundred meters up the powerline right of way are 
predominantly weakly foliated coarse-grained muscovite-rich granite.  Locally there are also areas where stratified 
rocks (Cape Elizabeth Fm.) can be seen within the granites and these rocks have orientations that are consistent with 
regional trends.  These muscovite-rich granite bodies occur in various sizes throughout the area and are generally 
found proximal to areas where migmitization in the Cape Elizabeth Formation is extensive.  Although undated, it is 
believed these granite bodies are likely associated with high-grade metamorphism and thus are probably Middle to 
Late Devonian in age.  Return to vehicles, and if returning to Rt. 1 South (Wiscasset), turn around. 
 

End of Field Trip 
Return to Wiscasset via Rt. 218 South (~ 11 miles), then turn right onto Rt. 1 south to return to Bath (~ 12 miles). 
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INTRODUCTION 

Our current understanding of the setting, mechanisms, and timing of ice marginal retreat in the modern 
glacialmarine realm (e.g. Trusel et al., 2010) provides a basis for interpreting morphostratigraphic evidence of 
dynamic Pleistocene age marine-based glaciers and their connection with sea level change (Powell and Cooper, 
2002; Corner, 2006). Conversely, a more thorough understanding of the history of dynamic ice sheets gives valuable 
insights to the future behavior of marine ending glaciers that are predicted to appreciably increase sea level rise in 
the next century (Mouginot et al., 2015). 

The surficial geology of the coastal lowland and western foothills of southwestern Maine records the 
systematic recession of a marine-based sector of the late Wisconsinan Laurentide Ice Sheet. On this field trip we will 
examine landforms and exposures in the lower Androscoggin Valley and adjacent Casco Bay Lowlands (Figure 1) 
where assemblages of ice-marginal features lie in contact with glacialmarine deposits. These deposits show that an 
active, grounded ice margin retreated in contact with a synglacial sea in a glacioisostatically depressed foreland in 
front of the ice sheet.  Raised marine deposits in the lowlands are associated with the marine transgression and 
subsequent regression, recording the interplay between glacioisostatic and eustatic sea level change. We will also 
examine deposits that represent the shift in the mode of ice recession from active retreat to stagnation zone retreat 
which occur at the transition between the coastal lowland and the western foothills.   

The Field Area   
The lower Androscoggin Valley and Casco Bay Lowland study area extends from the present Maine coast 

to the foothills of the White Mountains in the northwest and is bordered by drift covered bedrock terrain to the 
northeast and southwest. Denny (1982) and Hanson and Caldwell (1989) previously defined the Coastal Lowland 
and Central Upland as the principle physiographic units in the region. Total relief in the lowland is generally less 
than 150 meters while in the foothills of the Central Uplands the relief can exceed 300 meters.  

The bedrock in the lowlands is comprised of northeast-striking Silurian-Ordovician age metasedimentary 
rocks locally intruded by Devonian/Carboniferous-age plutonic rocks (Berry and Hussey, 1998; Hussey and Berry, 
2003). The coastal metamorphic terrain is bordered to the west by the Carboniferous age Sebago Batholith. Bedrock 
is best exposed in the uplands and along the immediate coast while in the lowland areas, bedrock is generally less 
well exposed due to blanketing by surficial sediments. The region is drained (from east to west) by the Cathance, 
Sabattus, Androscoggin, Royal and Piscataqua Rivers  

LATE WISCONSINAN GLACIAL GEOLOGY AND SEA LEVEL HISTORY  

At its most recent maximum advance during the late Wisconsinan stage, (marine isotope Stage 2) the 
southeastern margin of the Laurentide Ice Sheet extended across the Gulf of Maine onto the continental shelf on 
George’s Bank. (Tucholke and Hollister, 1973; Stone and Borns, 1986; Schnitker et al., 2001).  Retreat from 
George’s Bank likely began as early as 22,000 14C years B.P. but no later than 17,500 B.P. (Schnitker et al, 2001).   

The ice configuration and style of deglaciation from the LGM position has been a source of debate. Hughes 
et al., (1985) and Hughes (1987) proposed that inland ice in the foothills and coastal lowlands fed an ice stream 
which, in turn, fed a floating shelf over several of the deeper basins of the Gulf.  They further suggest that by ca. 
14,000 B.P., the Gulf of Maine became a calving embayment. A similar model, based on the interpretation of 
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sediment core and seismic data led Belknap and Shipp (1991) and Schnitker et al., (2001) to propose that ice was 
initially grounded in the Gulf during the LGM however in an early phase of the retreat “temperate” ice shelves were 
formed over the deeper basins in the Gulf by marine waters entering under the ice margin.  Oldale et al., (1990) 
proposed an alternative model for a grounded marine ice sheet that retreated across the Gulf, similar to modern 
tidewater glaciers in Alaska and Svalbard.  
.

Figure 1. Map of the lower Androscoggin Valley-Casco Bay Lowland. Field trips stops are numbered. Letter A is 
the assembly point; 4/L is the lunch stop. Inset map shows location of field area. Shaded area on the inset map 
illustrates the area below the late Wisconsinan marine limit (base map from Google Maps).  
 

It is generally agreed that the retreating ice margin was grounded when it reached the present coast south of 
Portland.  Progressive ice marginal retreat through the Androscoggin Valley and Casco Bay Lowlands is marked by 
ice-marginal deposits interbedded with marine sediments, deposited as the synglacial sea transgressed across the 
isostatically depressed foreland south of the ice margin.  The retreat through the lowland was punctuated by minor, 
and perhaps some longer, still-stands represented by moraines, grounding line fans, and glacialmarine deltas 
described below.   

 
Synglacial and Postglacial Sea   

The inland and vertical extent of the synglacial sea is defined by raised shoreline features and glacialmarine 
deltas that increase in elevation from the coast to the interior in response to the isostatic load of the Laurentide Ice 
Sheet (Thompson et al., 1989). Marine limit increases from around 75 m along the outer coast near Phippsburg to 
over 100 m in the Androscoggin River valley north of Lewiston (Thompson et al., 1989). The marine limit was 
established synchronously with ice retreat by the transgressing sea; thus the oldest marine sediments across the 
lowland range in age from ca. 14,000 to 13,000 yrs B.P.   The marine transgression was quickly followed by 
regression of the synglacial sea as relative sea level dropped due to rapid postglacial isostatic rebound (Bloom, 1960, 
1963; Stuiver and Borns, 1975; Barnhardt et al., 1995). An AMS-radiocarbon age on Mytilus edulis from a 
nearshore deposit at 60 m asl in Pownal infers that regression in the region was underway by 13,300 ± 50 yrs B.P 
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(OS-4419).  In Topsham shell ages from intertidal deposits indicate that the inland sea had regressed to near 30 m 
asl by approximately 12,800 yrs B.P. (12,820 ± 120 yrs B.P. (SI-7017), Retelle and Bither, 1989; 12,850 ± 45 yrs 
B.P. (OS-2348), Weddle, 1994). The Brunswick Sand Plain, an extensive regressive delta graded to a sea level at 
approximately 18 m asl at the mouth of the Kennebec-Androscoggin Valley between 12,500 and 12,000 yrs B.P. 
(Retelle and Weddle 2001). Sea level continued to drop to the postglacial lowstand on the inner continental shelf at a 
depth of approximately - 55 m by 10,500 yrs B.P. (Barnhardt et al., 1997). 
 
Geochronology  

The timing of ice retreat and sea level history in this region is constrained by radiocarbon dated materials, 
predominantly marine shells that were found in close association with ice marginal positions or shorelines. In recent 
field trip guides (e.g. Weddle and Retelle, 1995) and in Retelle and Weddle (2001) we presented uncorrected ages in 
radiocarbon years before present (14C yrs B.P.). In this guide we again report the uncorrected ages, however in the 
text below and in the field, we will discuss the significance of calibrating these ages as they apply to significant 
landforms that record ice marginal positions and sea level events related to independently dated paleoclimate records 
such as ice cores.  It is, however, important to recognize that a marine reservoir correction needs to be applied for 
marine shells and that such a correction likely varied spatially and with time through the late Pleistocene.  A normal 
starting point for marine reservoir correction is -400 years however there is significant regional variability across the 
North Atlantic region (Mangerud and Gullliksen, 1975; Bondevik et al., 1999; Coulthard et al., 2010). In eastern 
Maine, Dorion et al., (2001) compared basal organic lake sediments and marine sediments and reported a difference 
of -600 to -800 years. In the Portland area, Thompson et al., (2011) obtained paired ages on spruce logs and marine 
shells (Mytilus edulis and Balanus sp.) which indicated an offset of approximately 1,000 years. Application of their 
suggested 1,000 year correction allowed more direct correlation with the ice retreat history in central and western 
New England reconstructed using the New England varve chronology (Ridge, 2004, Ridge et al., 2012). 
 

GLACIAL AND GLACIALMARINE LANDFORMS AND SEDIMENTS 

End Moraines 
Many moraine ridges have been identified and mapped in the coastal lowlands in Maine (Smith, 1982, 

1985; Thompson, 2015). The characteristic morphology of the deposits are as linear features that are inferred to be 
aligned along the former ice margin.  Moraines vary in size and composition. Smaller moraines may have as little as 
a meter or two in relief and a few meters wide while larger moraines may be 20 or 30 meters high and 100 meters 
wide (Thompson, 2015). Smaller moraines and clusters of these landforms in the lowland have been referred to as 
DeGeer Moraines. Examples of these moraines have been described in areas where ice sheets are retreating in 
contact with marine waters (e.g. Lindén, and Möller, 2005; Solheim and Elverhøi, 1997; Zilliacus, 1989, 2013). 
Larger moraines, such as the Pineo Ridge Moraine Complex and the Addison Moraine have been called Stratified 
End Moraines (Ashley et al., 1991) and these are commonly comprised of complexly bedded units of sand and 
gravel with interbedded lenses of diamicton. The internal structure of the stratified end moraines is commonly 
glaciotectonized showing folds and faults from ice shove and overriding (Retelle and Bither, 1989).   
 
Ice contact deposits  

Sediment deposited by meltwater occurs in several genetically connected landforms in the ice-marginal 
zone and include eskers, submarine fans, and deltas. Eskers (Thompson and Borns, 1985a) ice-tunnel deposits 
(Ashley and others, 1991) or subglacial conduit facies (Sharpe, 1988) are terms used to describe the coarse-grained 
sediments from a predominantly high-energy fluvial source that delivers sediments to the ice-proximal zones of fans 
and deltas. These deposits occur as distinct and separate sinuous ridges in valleys above marine limit (cf. Thompson 
and Borns, 1985a), as feeder "tails" on ice proximal sides of deltas (Thompson and others, 1989), and as coarse-
grained cores of fans and deltas where the supporting ice has retreated and a delta or fan landform has prograded 
basinward over its former conduit.  
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Glacial marine fans  
Sediments delivered to the ice margin by glacial meltwater from sub- and englacial conduits and ice 

marginal streams are deposited at the grounding line in mound or cone-shaped accumulations that commonly drape 
or flank the moraine ridges. These deposits have been called glaciomarine fans (Sharpe, 1987), grounding line fans 
(Powell, 1990) or submarine outwash (Rust, 1977).  In ice-proximal areas of the fans, situated at or near the mouth 
of the meltwater conduit, fans are typically comprised of coarse-grained gravel. Sediments fine distally away from 
the conduit.  Fan sediments represent the transition between fluvially dominated processes associated with the ice 
tunnel environment, and processes of the proglacial marine basin. Consequently, fan sediments show complex 
stratigraphic relationships both parallel to the ice margin and distally from the former tunnel mouth. Sediments in 
the proximal zone include stratified coarse-grained sand and gravel supplied by the meltwater currents and 
diamicton that may have originated from slope failure and downslope movement from the adjacent moraine, or 
implacement by ice shove (Retelle and Bither, 1989; Ashley and others, 1991). In medial and distal zones of the fans 
the major facies include rhythmically bedded sand and mud that grade to the muddy seafloor. These laminated 
sediments, termed cylopsams and cyclopels (Mackiewicz and others, 1984) were likely deposited by suspension 
from a highly turbid but buoyant suspended sediment plume (Cowan and Powell, 1990). Stratigraphic sections in the 
medial and distal portions of the fans are commonly fining-upward sequences (Retelle and Bither, 1989) that grade 
transitionally upwards from coarse proximal fan sediments at the base to distal fan sediments. The fining-upward 
sequence may either represent ice retreat with removal of the ice tunnel sediment source or a lateral switching of a 
distribution channel on the fan lobe. 

Over time, particularly if the retreat of the grounded ice margin is halted at a pinning point on a subglacial 
topographic high or a valley constriction, a submarine fan may aggrade vertically and prograde distally and evolve 
into a more massive and extensive deposit that approaches and may eventually even reach contemporaneous sea 
level. In this latter and most developed case, the fan may eventually become a delta with a flat subaerially exposed 
topset plain (Powell, 1990).  

Glacialmarine Deltas  
The origin and stratigraphy of glacialmarine deltas in Maine has been described by Thompson and others 

(1989). Although they are widely distributed across the coastal lowland, the largest examples are located at or near 
the inland marine limit in southwestern and eastern Maine. Many are localized where the ice margin was 
temporarily pinned against bedrock ridges and other topographic highs. Many pit exposures in deltas show that they 
are Gilbert-type deltas, with fluvial topset beds (delta-plain deposits) overlying inclined foreset beds deposited on 
the prograding delta front. These deltas are typical of environments where coarse-grained sediments are rapidly 
deposited in basins of sufficient depth to produce a steeply-sloping delta front (Nemec, 1990).  

The elevation of the contact between the topset and foreset beds in Maine's deltas approximates the late-
glacial sea level to which the deltas were graded. Thompson and others (1989) surveyed the topset/foreset contact 
elevations in deltas across the state to define the plane of the upper marine limit. Topset/foreset contacts increase in 
elevation from southeast to northwest, representing the increased isostatic loading and associated increased 
postglacial rebound. An estimate of postglacial tilt in the lower Androscoggin River Valley using elevations of delta 
tops from topographic maps and topset/foreset contact measurements from Thompson and others (1989) is between 
3.33 and 3.75 ft/mi (0.63 – 0.71 m/km).   

Fine-grained glacialmarine sediment  
Fine-grained glacialmarine sediments that are found extensively across the Maine coastal lowlands were 

named the Presumpscot Formation by Bloom (1960).  Subsurface data and surface exposures show that this unit 
directly overlies bedrock, till, fans, and end moraines, and is interbedded with medial and distal components of fans 
and deltas. The fine-grained sediment can be massive or laminated, containing outsized clasts and ice-rafted debris, 
and is fossiliferous, with a rich assemblage ranging from forams, diatoms, mollusc shells and marine vertebrates. 
Based on associated fossil assemblages, the Presumpscot Formation is characterized as a cold-water marine unit 
(Bloom, 1960, 1963). The sediment has a blue-gray color when fresh, and an olive gray color when weathered. The 
Presumpscot Formation was deposited by glaciofluvial discharge directly into the glacial sea, the winnowed fine-
grained fraction settling out as glaciomarine mud (Retelle and Bither, 1989). 
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Shallow marine deposits   
Shallow or nearshore marine sediments were deposited after the ice margin and sediment source retreated 

from a depositional center, either as sea level overstepped the landforms when isostatic sea level rise was greater 
than isostatic rebound (Koteff et al., 1993), or as relative sea level fell around the landforms due to isostatic rebound 
exceeding eustatic sea level rise. The shallow marine facies (Smith, 1985; Retelle and Bither, 1989) contains a range 
of litho- and biofacies ranging from well-sorted tidal to subtidal sand to coarse bouldery lag deposits or lagoonal 
mud. The deposits include a variety of morphostratigraphic units such as beaches, spits, tombolos, subtidal sand 
bodies, and an extensive and nearly ubiquitous veneer of wave-reworked sediments. The deposits also display a 
wide range of textural maturity reflecting the source landform subjected to wave reworking and the available energy.  

Distal outwash deltas are formed where meltwater streams entered the sea some distance from the ice 
margin (Thompson et al.. 1989; Tary et al., 2001). Isostatic uplift was in progress across much of the region as the 
ice withdrew inland from the marine limit. Broad sand plains are present in Maine and are commonly found at the 
inland extent of the marine limit and some of these distal deltas are associated with ice-marginal deposits 
(Thompson et al.,1989). The sand plains range in elevation from 136 m asl to 36 m asl (Weddle and Retelle, 1995). 
Some distal deltas are found well seaward of the inland marine limit. Of these, the Brunswick Sand Plain (BSP, 
Figure 9) is the farthest from the inland marine limit, and is found at the lowest elevation (Weddle, 1994; Weddle 
and Retelle, 1995). The surface of the BSP grades from about 36 m to 18 m asl (surface gradient 1.8 m/km). Shallow 
excavations in the surface of the plain reveal fluvial trough cross-beds of fine- to medium-grained sand, in places 
containing mud rip-up clasts and mud drapes, typical of a braided-stream environment. The plain morphology and 
sedimentology classify this extensive landform as a coastal braid-plain delta (Nemec, 1990) formed as braided 
streams in the late glacial Androscoggin River valley entered the regressive sea.  The braided-stream deposits 
unconformably overlie very low angle foreset beds. The foresets overlie a coarsening-upward sequence of massive 
and laminated mud grading up-ward to interbedded sand and glaciomarine mud, described previously as the sandy 
Presumpscot Formation. This muddy unit beneath the braid-plain delta represents a transition from a distal 
glaciomarine and submarine-plain environment to shallowing conditions during marine regression. Subsequent to 
the deposition of the massive glaciomarine mud, existing units were reworked by the marine regression and 
nearshore sediments were deposited. 
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Figure 2 from Retelle and Weddle (2001) shows the location and orientation of ice marginal deposits.  
In general, the individual deposits collectively show an east-northeasterly orientation inferring ice retreat  
in a north-northwesterly direction. The Cox Pinnacle Moraine is labeled as CPM. 
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    ROAD LOG 

Assembly Point: Dick’s Sporting Goods Parking Lot, Topsham Fair Mall Road, off Rte.196 in Topsham 
Maine.  43o55’59.18”N; 69o58’58.84”W.  We will assemble in the lower section of the lot starting at 8:30 A.M. and 
leave at 9:00 A.M. sharp. Please carpool and consolidate in vans if possible. It would more convenient to bring your 
lunch with you. The lunch stop at the New Gloucester Fish Hatchery is not in town or close to convenience stores. 

The deposits in the area have been mapped at the 7.5 minute quadrangle scale (1:24,000) as part of the 
Marine Geological Survey U.S. Geological Survey COGEOMAP surficial geology mapping program. The field trip 
will visit localities in the Brunswick, Freeport, Lisbon Falls South, North Pownal, Gray, Yarmouth, and Cumberland 
Center Quadrangles. The surficial geologic maps can be downloaded as pdf’s on the Maine Geological Survey 
website: http://www.maine.gov/dacf/mgs/pubs/online/surficial/surficial.htm 

Mileage 

0.0  Exit parking lot and follow Topsham Fair Mall Road to Rte. 196. Get in the left lane at the stoplight, turn 
left and follow Rte. 196 over Rte. 295. Continue ahead (Jack’s Pit 3.8 miles) on 196 to Lisbon Falls village. 

6.5  Stoplight in Lisbon Falls with mill on the left in front of you, world famous Moxie Store across the street to 
the right). Turn left and follow the road across the river. Take a left at the T-intersection (Route 125). Stay 
on Rte. 125 until the powerline crossing at the top of the hill.  

10.5  Parking on the right. Pull off as far as possible. Exercise caution in crossing the road! 
 

STOP 1: COX PINNACLE MORAINE,  
Lisbon Falls 7.5 minute quadrangle, 43o56’48.6”N; 70o04’10.2”W  
 
The Cox Pinnacle moraine (CPM in Fig 2) is larger and more continuous over a greater distance than most 
other end moraines in southwestern Maine, with the exception of the Waldoboro Moraine (Thompson and 
Borns, 1985). The gently lobate form can be traced for ~6 km across the landscape and delineates the ice-
marginal position where the retreating ice margin was pinned on the bedrock up-land between the 
Androscoggin River and Royal River valleys. Sandy till is exposed in the drainage ditch alongside Rte. 
125. On the upland, the moraine is composed of sandy diamicton and large boulders are present along its 
crest. This moraine is exposed in gravel pits to the east in the lowland of the Androscoggin River valley, 
where it is composed of till and deformed subaqueous outwash deposits (Weddle. 1997). The moraine is 
laterally correlative to other smaller moraine ridges and ice-contact features to the west and to a large fan 
and moraine complex to the east in Topsham (Retelle and Bither, 1989). Although the exact timing of 
emplacement of the moraine is not known at present, ice retreat from the grounding line at Topsham is 
older than 13,300 yrs B.P.  

Return to the vehicles and again exercise caution crossing Rte. 125. Continue on Rte. 125 south to junction 
with Rte. 136 in Freeport 

16.1  Turn left onto Rte.136. Continue ahead to the left turn where Rte. 136 continues over Rte. 295.  
16.8  Turn right on Durham/Pownal Road before the turn to the Rte 295. Continue on Pownal Road until the 

right turn onto Libby Road  
20.7 Turn right onto Libby Road. The entrance to the Knight Pit is on the left 0.1 miles ahead. 
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Figure 3.  LIDAR image of end moraine topography in the Lisbon Falls South Quadrangle west of the Androscoggin 
River in Durham.  The Cox Pinnacle Moraine is a major linear feature trending northeast to southwest from the river 
before it bends to a west-northwesterly trend delineating the margin of the Androscoggin lobe.  Numerous minor 
moraines, here referred to as DeGeer moraines, occur both south and north of the Cox Pinnacle moraine. 

 

STOP 2: KNIGHT PIT, SCOTT DUGAS EXCAVATION  
North Pownal Quadrangle 43o53’27.5”N; 70o10’22.2”W; elevation 190 feet at top of landform) 
This stop is in a submarine ice-marginal moraine-fan complex (Marvinney, 1999) in which evidence for 
ice-shove and ice-contact collapse has been well exposed. The maximum marine limit in the area as 
determined from deltaic topset/foreset contacts is about 300 feet (91 m) asl (Thompson and others, 1989). 
Articulated Portlandia arctica from a similar pit less than 5 miles to the east in the adjacent Lisbon Falls 
South quadrangle have dated at 14,045 ± 95 yr BP (AA10164; Weddle and others, 1993). The moraine 
ridge in the Knight Pit is most likely of similar age.  An AMS-radiocarbon age of 13,300 ± 50 yr B.P. on 
Mytilus edulis from nearshore deposits in the Knight Pit implies regression in the region was underway by 
that time. The mussel shells are found in Presumpscot Formation mud immediately underlying regressive 
sandy deposits; elsewhere in the pit, coarse nearshore deposits with boulder lag can be seen.  In the 
adjacent Blackstone Pit, steeply dipping fan foresets are overlain by a wedge of fine-grained Presumpscot 
Formation marine mud, presumably deposits after ice retreated from the grounding line. Cobbles and 
boulders in the marine mud may have been deposited by ice rafting or emplaced by gravity driven flows. 
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Figure 4. East central sector of the North Pownal 7.5 minute surficial geologic map Knight Pit (Stop 2) is located in 
the landform mapped as Pempc, Pownal Center End Moraine complex (Marvinney, 1999). 

20.9  After leaving the pit turn around on Libby Road and take a right turn at the bottom of the hill. Follow 
Pownal Road to stop sign at the intersection of Rte 9. Continue ahead to Allen Road  

24.0 Take a left and follow Allen Road west to the intersection with Rte 231 at Pineland Farms. 
25.9 Turn left onto Rte 231 at Pineland Farms and take a quick right (26.0 miles). You will drop steeply into the 

Royal River valley which is deeply incised into the glacialmarine mud.  Several now-defunct brickyards 
which utilized the marine clay are located in this valley.   

27.2 Cross the railroad tracks and Royal River. You will rise up onto incised seafloor deposits. Note the 
characteristic topography on the left at the crest of the hill.  

28.1  Continue ahead to junction with Mayall Road (28.1 miles) and turn right at the stop sign.  Follow Mayall 
road until you see the sign for Portland Sand and Gravel on the left. 

28.6 Turn left into Portland Sand and Gravel Co. 
 
STOP 3: EAST GRAY DELTA 
Gray 7.5-minute quadrangle; elev. ca. 300 ft (90 m) asl).  43o53’37.6”N, 70o18’9.1”W 
 

The East Gray delta is an excellent example of a glaciomarine delta, the upper surface of which 
approximates the marine limit in the area. It is classified by Thompson and others (1989) as a leeside delta 
with a topset/foreset contact measured at 289 feet (88 m). The leeside deltas in Maine are found situated on 
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the leeside of bedrock strike ridges that protruded as islands above the ocean surface during the 
deglaciation and marine submergence. The glacier would have been pinned on the stoss side of the ridge, 
and meltwater streams passed through low areas in the ridge and deposited the delta sediment on the lee 
side of the ridge. At the East Gray delta, paths of meltwater streams cross the ridge that trends northeast 
from Gray Village (Thompson et al., 1989). A large kettle can be seen on the U.S.G.S. topographic map 
from 1892 occupying the central part of the delta (Figure 4).   

Please exercise caution in the pit. We are visiting the pits on a Saturday so there should be no 
truck traffic however please do not approach or climb on the steep loose faces. We will visit two locations 
in the southern exposures in the extensive pit to see glaciofluvial topset beds in the upper pit and topset and 
forest exposures in the lower part of the south pit.  We will exit the main pit and cross Mayall Road to 
examine foreset and bottomset beds exposed in the north pit. 

 

Figure 4. Southeastern sector of the U.S.G.S. Gray 15 minute Quadrangle published in 1892. Contour interval is 20 
feet. East Gray delta is the flat topped feature surrounding a deep kettle hole.  

After exiting the north pit, turn right on Mayall Road and follow to Rte 100  

30.6  Continue on Mayall Road by crossing Rte 100. You are traveling across seafloor deposits (31.0 miles) and 
will go up the frontal slope of the delta onto the delta braidplain surface (31.3 miles) Note the excellent 
view across the delta surface to the left.   
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31.8   Turn right onto Trout Run Road. Follow to the bottom of the hill, turn left on Fish Hatchery Road and 
follow to the fish hatchery building on the left (32.2 miles). We will take our lunch break at the Fish 
Hatchery. Park next to the building or along the road.  

STOP 4: LUNCH STOP, NEW GLOUCESTER FISH HATCHERY, MAINE DEPARTMENT OF INLAND 
FISHERIES and WILDLIFE. Gray 7.5 minute quadrangle, 43°56'15.40"N, 70°19'38.44"W 

The hatchery is situated in a deep and narrow Eddy Brook valley downcut into the Sabbathday Pond Delta.  
The spring-fed pools used in the facility are situated along the floor of the erosional valley.  Brown trout 
and rainbow trout are raised in the pools for stocking in Maine streams, ponds and lakes. Take a stroll 
around the complex to visit the trout pools and the exposure of deltaic sediment above the northernmost 
trout pool. 

 

Figure 5. Section of the Gray 7.5 minute quadrangle. Lunch stop is located at the Maine IFW Fish Hatchery 
alongside Eddy Brook which is deeply incised into the Sabbathday Pond Delta. 
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Return to the vehicles and retrace your path out of the hatchery along Fish Hatchery Road to Trout Run and 
Mayall Road. 

32.6   Turn right on Mayall Road.  
32.7  Pull off the road to the right. 
 
STOP 5: SABBATHDAY POND DELTA  
43°56'7.17"N, 70°19'43.37"W 

This is a brief roadside stop on the top of the Sabbathday Pond Delta. Our view is to the west across the 
former braidplain of the delta surface that build to the south-southeast into the sea.  Crossen (1984) and 
Weddle (1997) describe this extensive landform as a compound delta comprised of the Crystal lake Delta, 
the Sabbathday Pond Delta and the New Gloucester Delta, all fed from ice contact deposits from the west 
and north. Thompson et al. (1989) report the topset/foreset contact in this delta at 312 feet (95 m). The 
LIDAR image (Figure 5) reveals distinct channels that trend from the ice-contact zone in the west to the 
south and east. The broad channels are slightly lower than the main delta surface and indicated that sea 
level was falling (rebound had started) while the delta was still actively being fed from the ice margin in the 
valley to the northwest.  

Figure 6.  LIDAR image of the Crystal Lake-Sabbathday Pond Compound Delta, New Gloucester and adjacent 
terrain. 

Continue ahead on Mayall Road  
33.3  Cross over Maine Turnpike over the Maine Turnpike 
34.7 Turn right on Sabbathday Road  
35.3  Sabbathday Pond on right.  
35.8 Turn right at intersection with Rte. 26. And continue ahead over the crest of the drumlin 
37.3 Turn right on Outlet Road near the base of the drumlin. Follow Outlet Road downhill using caution on the 

narrow camp road.  
38.3 Turn left immediately before the bridge over the pond outlet. Follow the access road into the Maschino Pit. 
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STOP 6:  SABBATHDAY POND ICE CONTACT DEPOSITS 
Duayne Maschino and Sons Gravel 43o59’19.5”N, 70o20’56.0”W 

The ice contact sand and gravel deposits represent fluvial sediments that fed the extensive Sabbathday Pond 
Delta to the south. The landforms in this area north of the pond include eskers, kames and kame terrace 
deposits (Figure 7). 

Exit the pit and return to Outlet Road and take a left turn.  Follow ahead to the stop sign  
38.7  Turn left on Snows Hill Road (aka Shaker Road). Follow road over the Maine Turnpike (40.4 miles).  
41.2  Turn right at the intersection of Bald Hill Road turn right. Bear right near the top of the hill to the junction 
41.6  Junction of Route 100 of Rte. Cross Rte. 100 straight ahead onto Rte. 231.  

Follow 231 through New Gloucester village (43.4 miles) and downhill to the lowlands. 
44.7  Cross railroad tracks and turn left into the Intervale Road Pit. 

 

 

Figure 7, Northwestern sector of the U.S.G.S. Gray 7.5 minute quadrangle. Stop 6 is located in ice contact stratified 
drift exposed in the Maschino and Son Gravel pits northeast of the pond. 
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Stop 7: INTERVALE ROAD GLACIALMARINE FAN 
Gray 7.5 minute Quadrangle, 43o57’6.4”N; 70o15’40.7”W   125 feet (40 m) asl.   
 
The landform at this stop was mapped by Weddle (1995) as a glacialmarine fan deposit in the east central sector of 
Gray 7.5 minute quadrangle, New Gloucester. The landform is situated in the lowland well below marine limit. 
Coarse material deposition in the fan was probably short lived and the landform was draped by distal fine-grained 
Presumpscot Formation. Marine shell fragments can be found in the deposit. 

 

 

Figure 8. East central sector of the Surficial Geologic Map of the Gray 7.5 minute quadrangle (Weddle, 1997) 
Stop 7 is located in landform mapped as Pmfi1.  
 
End of formal field trip. Return to Dick’s Sporting Goods in Topsham.  
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ALTERNATE STOP 8 EOLIAN DUNE ON SURFACE OF BRUNSWICK SAND PLAIN 
Dick’s Sporting Goods Parking Lot, 43o55’59.18”N; 69o58’58.84”W. 
 
If time (and remaining light) allows we will close up at this stop at a small exposure in an eolian dune situated at the 
apex of the Brunswick Sand Plain, north of the Androscoggin River. Early postglacial eolian deposits are common 
in this area of southern Maine. In general the eolian deposits are comprised of loose fine-grained sand. Eolian 
deposits are sometimes referred to as an “eolian mantle” that blanket late Pleistocene deposits and landforms. In 
other cases dunes were formed from deflation of proglacial sediments in the unvegetated early postglacial time. In 
nearby Freeport the “Desert of Maine” is a well-known tourist destination where the loose sand is exposed in 
massive dune forms at the surface.  

Since exposures are limited to non-existent in the Brunswick Sand Plain itself we will also take the opportunity to 
discuss the significance of this major regressive feature.  

 

 

Figure 8. LIDAR image of the lower Androscoggin Valley area featuring the Brunswick Sand Plain. 
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INTRODUCTION 
 
 Over the last 15 years, shoreline change and tidal inlet migration at Popham Beach State Park have destroyed 
and created dunes, undercut a mature pitch pine back dune forest, and threatened park infrastructure. During the 
2009-2010 East Coast sea level rise anomaly, a trifecta of king tides, storm surge, and high surf led to the formation 
of a new barrier island in March 2010 (Figure 1). Felled pines and beach scraping in 2011 were used to reduce tidal 
channel meandering and protect newly constructed bathhouses. This coastal system appears more dynamic than ever 
and may signal acceleration in coastal processes that may accompany higher sea level. 
 
 Popham Beach is also Maine’s most visited state park, hosting over 175,000 visitors each year (Figure 2). Over 
2 million gallons of fresh water per year are drawn from a shallow well in the sandy back-dune aquifer. A network 
of observation wells are currently being monitored by MGS to help model the extraction and replenishment of 
groundwater, and to watch for indications of salt-water intrusion into the fresh aquifer. Geophysics and computer 
modeling have been used to estimate the risk of salt-water intrusion as seal level rises and shorelines change. 
 
 On this trip we will see a wide variety of dynamic geomorphic features, watch coastal processes in action, 
measure monitoring wells, review field data that constrains a model, discuss erosion, sea-level rise, storm surge, and 
salt-water intrusion. If you have visited this beach before, chances are it looks different today and will look different 
on your next visit. Change happens here on time scales of months and years, as well as millennia. 
 

COASTAL GEOLOGIC OVERVIEW 
 
 Barrier island genesis occurs on both transgressive and regressive coasts. Most barrier islands tend to form, 
migrate, and in some cases, disappear with submergence on the continental shelf. In a simple transgressive model, 
rising sea level allows barrier dunes to be flooded in storms with washover deposits behind the primary frontal dune 
and even into a back-barrier salt marsh or lagoon. Overwash is a process that conserves beach and dune sand and the 
landform migrates inland under a rising sea level. In sand-starved settings the sediment budget is lean and, without 
sufficient introduction of sand, barrier islands can also submerge and become inner shelf shoals. In a simple 
regressive model, with or without relative sea level rise, ample sediment in the littoral system can result in 
progradation of beaches and dunes that advance seaward with preserved former frontal dune ridges and storm lag 
deposits beneath the beachface.  
 
 Stratigraphy of coastal barrier systems in this region was presented in the 2000 NEIGC field trip guide 
(Buynevich and FitzGerald, 2000a). Stratigraphy is important in understanding the severity and cycles of beach 
erosion. Hunnewell Beach has a punctuated style of barrier progradation interrupted with episodes of severe erosion 
(Buynevich and FitzGerald, 2000b). The barrier lithesome is composed of a medium fine sand on the order of 20 
feet thick overlying a coarse sand of an earlier transgressive barrier that formed some 4,000 years ago (Buynevich et 
al., 2004).  
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 Winter storm erosion on East Beach results in annual heavy mineral concentrations on the beachface with a 
concentration of garnet, magnetite, and other felsic minerals. Ground penetrating radar detected at least 4 heavy 
mineral concentrations in the Hunnewell Beach barrier lithesome that, based on optical luminescence dating, suggest 
four episodes of extreme beach erosion around 150, 290, 390, and 1,550 years ago (Buynevich et al., 2007). The 
most recent severe event, with a 1% chance of occurrence (or “100-year storm), was the Blizzard of February 1978 
that left an erosional scarp at Popham and Hunnewell Beaches. In the last decade, erosion by the Morse River 
removed most vestiges of the 1978 dune scarp in the park and East Beach lost the dunes that survived that storm of 
record.  
 

Popham Beach sand is predominantly fine sand (2-3 phi units) with medium sand (1-2 phi) offshore of East 
Beach (Buynevich and FitzGerald, 2003; FitzGerald et al., 2000). The lower shoreface off East Beach encounters an 
outer bar between the Fox Islands and Pond Island Shoal that represents the modern Kennebec River delta and a 
source of sand for Popham Beach (Fenster and FitzGerald, 1996; FitzGerald et al., 2000). Farther seaward of 
Popham Beach, the seabed contours are relatively smooth between Small Point and Seguin Island with a few low-
relief bedrock outcrops. An area southwest of Jackknife Ledge has been used for disposal of medium to coarse sand 
from the lower Kennebec River channel dredged by the U. S. Army Corps of Engineers. Beyond the active 
shoreface, is the Kennebec Paleodelta with an estimated late Pleistocene through Holocene sediment accumulation 
of on the order of 400 million cubic yards of sediment infilling and burying the bedrock relief (Barnhardt et al., 
1997; Belknap et al., 2002; Kelley et al, 2003). 
 

 
Figure 1. Aerial photograph of Popham Beach geomorphology showing two Morse River channels. Photo 
by John Picher, Department of Conservation, March 10, 2010. 
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Figure 2. Nautical chart and topographic map of the mouth of the Kennebec River and the Popham Beach area (from 
Dickson, 2009). Spirit Pond is west of the label and Silver lake is shown by the arrow. Spirit Pond is tidal and 
discharges thorough the Morse River. 
 

Rarely are beach systems drift neutral with no longshore drift. Coastal circulation occurs at many temporal 
scales from large-scale continental shelf circulation down to brief periods of storm-driven downwelling or upwelling 
mixed with wave-induced currents (Dickson, 1999). In addition, coastal circulation and sediment transport are 
locally affected by tidal inlets and river discharge (FitzGerald et al., 2002). Tidal inlet currents provide a nearly 
constant reworking of sand into flood- and ebb-tidal deltas, and channel margin bars, as well as inducing scour in 
estuarine channels and along barrier islands. In general on passive continental margins such as in New England 
coast, barrier island evolution is a dynamic process that occurs over millennia punctuated by extreme storm events 
with often lasting geomorphic change, such as inlet formation that segments a coastal barrier and forms a new 
barrier island (FitzGerald et al., 2002; Buynevich et al., 2004; 2007).  
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Popham Beach experiences the forces that make portions of the beach and dune system transgressive and other 
portions regressive. Over a period of a decade or two areas that are regressive can become transgressive in a cyclic 
pattern. The rapid coastal transformation here is the most extreme of any beach in Maine and involves annual 
sediment volumes of up to 400,000 cubic yards (cy; FitzGerald et al., 2000). This natural flux of sediment exceeds 
volumes of beach nourishment typically placed on other Maine beaches. This natural system does not receive 
anthropogenic beach nourishment (with the possible exception of nearshore placement of sand from the Kennebec 
River at Jackknife Ledge) but does benefit from Kennebec River bedload discharge into the ocean, the formation of 
the Pond Island Shoal (a low modern delta), onshore transport of deltaic sand, and redistribution through a sediment 
gyre framed by bedrock islands (Buynevich and FitzGerald, 2003). To the west of Popham Beach and the Morse 
River, Seawall Beach is more linear and has had a net easterly longshore drift that is less influenced by bedrock 
shoals or the Kennebec River. As the stops on this trip will show, Seawall Beach and Popham Beach are part of a 
single system with spatially variable processes that result in highly dynamic coastal evolution on a time scale of 
years. Lidar (light detection and ranging) topography reveals the complex geomorphology of dunes, beaches, sand 
bars, channels, salt marshes, and bedrock islands in Figure 3. 

 

 
Figure 3. Lidar map of the Popham Beach State Park area, with labels for key features and morphology. 
 

THE MORSE RIVER AND HISTORY OF BEACH EROSION 
 

Over the last 5 decades since the first orthophotographs became available, analysis of shoreline change, river 
migration, dune erosion, and sand bar formation at Popham Beach has been possible (e.g. Goldschmidt et al., 1991; 
Nelson, 1979). With more frequent aircraft flights and the addition of lidar data, analysis of beach dynamics has 
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become more revealing (Dickson, 2008a). Since 2010, shoreline surveys have mapped (with GPS) the seaward dune 
edge on an annual basis. These field data allow geomorphic analysis as well as a linear regression of erosion and 
accretion that quantify ongoing growth or loss of dunes (Figure 4; Slovinsky et al., 2015). 
 

 
Figure 4. Shorelines from 2010 to 2014 mapped by kinetic GPS along the dune edge show linear regression rates 
(LRR) along Popham and Hunnewell Beaches. Following the avulsion of the Morse River (left side of map) the 
erosion hot spot migrated to East Beach where rates of dune loss averaged 15 feet per year. Shore-normal transects 
and erosion-accretion rates were made using the U.S. Geological Survey program DSAS. Illustration modified from 
Figure 112 of Slovinsky et al., 2015. 
 
 The dominant force in coastal change at Popham Beach is the Morse River. Until recent observations could be 
recorded and examined, one might assume that storms with large surf or the much larger Kennebec River might 
have been dominant in shaping Popham Beach. The greatest erosion documented in the park has been adjacent to the 
margins of the Morse River (Dickson, 2010). The greatest dune loss of 525 feet from 2004-2007 (Dickson, 2008a) 
has been due to the orientation of the Morse River and a separate 500-foot wide dune section was eroded from 2007-
2011 (Dickson, 2011). The formation of a new barrier island was due to the Morse River (Figure 5; Dickson, 2011). 
Repeated breaches of the Fox Islands tombolo in 1964, 1972, 1987, and 2006-2008 (Dickson, 2008a) has been from 
the Morse River flow. The greatest threat to park infrastructure has been due to the Morse River (Figure 6; Dickson, 
2012). And finally, the subsequent destruction of the barrier island, as we will document on this trip, is due to the 
Morse River (Figures 7 and 8).  
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Figure 5. In 2010 sea level was abnormally high in the winter. A major extratropical 
storm with large surf and a storm surge of up to 4 feet coincided with a week of 
perigean spring tides that resulted in an avulsion. 

 

 
Figure 6. Shoreline surveys of the dune edge from 2007 to 2011 show the 
progressive loss of upland dunes and pitch pines (seen fallen along the beach). As 
the barrier island’s spit (lower foreground) migrated ashore it also forces the tidal 
channel farther inland toward the bath house. Also threatened by erosion was the 
leach field for the waste water treatment system in the field just west of the bath 
house. 
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Figure 7. The back-barrier lagoon began to drain to the west in 2012. That opening allowed 
additional shoaling of the eastern outlet (upper right) that led to its closure in 2013. Sand 
accumulation on Center Beach resulted in erosion on East Beach. The Morse River’s new 
channel (left foreground) shows signs of meandering east toward the barrier island. March 
15, 2013 photo by Skip Varney, DACF. 

 

 
Figure 8. The Morse River continues to meander east with a cut bank eroding the barrier 
island dunes. This 2014 Google Earth image shows the channel margin that by 2015 had 
migrated 240 feet east (left arrow) and another 160 feet by 2016. 
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ADAPTING TO COASTAL CHANGE 

 
Park management has had to adapt to extreme shoreline changes that necessitate closing access paths, moving 

stairways, and even limiting the number of visitors on summer days with very high tides. To complicate 
management, the area is popular with least terns and piping plovers that forage and nest in the same spaces that 
people recreate by day and predators such as fox visit when the park is closed. Adaptation is sometimes urgent, as 
was the case when Hurricane Irene approached New England. Before the Morse River breached in 2010, rapid 
action moved trees into bundles seaward of the bath house to minimize meander currents (Figure 9). Beach scraping 
was also designed, permitted, and completed within 2 months in order to divert the relict Morse River channel and 
create a dissipative beach profile seaward of the west bath house (Figure 10; Kelley, 2013). Other times actions are 
planned over a few years based on a biennial state budget. At this park, the geological history was critical for siting 
new bath houses, wastewater treatment systems, and groundwater wells. Using the best available geological science, 
a team of biologists, historians, planners, and engineers are continuing to identify coastal hazards to infrastructure 
and to prioritize efforts that will be cost-effective and sustainable in this dynamic setting. 
 

 
Figure 9. Fallen pitch pine trees were moved downstream along the bank of the Morse River in order to slow 
currents that created an erosional scarp adjacent to the west bath house and picnic area. Trees were bundled and tied 
to living pines in the dunes in order to hold them in place.  
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Figure 10. Persistent tidal exchange between the ocean and lagoon as well as barrier island spit migration onshore 
forced the tidal channel closer to the west bath house. Beach scraping and sand trucking moved 10,000 cubic 
yards of sand from the spit platform to infill the channel and create a beach slope over the tree wattles in one week 
and ahead of the winter storm season. The cement barriers (lower right photo) were put in place in 2011 in 
anticipation of flooding during Hurricane Irene. 

 
HYDROGEOLOGIC OVERVIEW 

 
Barrier Beach Aquifer and Local Hydrology 
 The dune and barrier beach system that comprises most of Popham Beach State Park is an excellent place to 
find and extract groundwater. The parking lot, bath houses, and surrounding pitch pine forest are located on top of a 
thick (in places >80 ft) unconfined aquifer of unconsolidated fine-to-medium sand, which overlies regional bedrock. 
The freshwater aquifer is located primarily beneath the higher dunes, roughly bound to the east by schist bedrock of 
Sabino Hill, to the west by the tidal Morse River, to the north by Atkins Bay, a saline embayment of the Kennebec 
Estuary, and to the south by the Atlantic Ocean. Vibracore and pulse auger sediment cores, as well as ground 
penetrating radar (GPR) profiles show that the dunes are underlain by at least 30 ft of medium to fine sand over fine 
sand that extends to depth (Buynevich, 2001; Buynevich et al., 2004). Drilling logs from the installation of 
monitoring wells and borings confirm these findings, with fine sand and shells found down to 80 ft depth (Sevee & 
Maher Engineers, Inc., 2008a; 2008b). Seismic refraction work performed by the Maine Geological Survey indicates 
that the depth to bedrock varies along the dunes, with three measurements between 46 and 81 ft (Sevee & Maher 
Engineers, Inc., 2008b). Between the back dunes and Atkins Bay lies over one thousand horizontal feet of high salt 
marsh, underlain by fine organic mud. Sediment cores in the marsh show approximately 15 ft of marsh deposits over 
organic mud, over 5 ft of medium-coarse sand, over fine sand (Buynevich, 2001). A similar saltmarsh exists to the 
west of the high dunes, between the dunes and the Morse River. To the south of the dunes, the beach and seafloor 
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are composed of fine and medium sand, which becomes finer beyond the bedrock outcrops of the Heron, Fox, and 
Wood Islands, becoming very fine before reaching Seguin Island (FitzGerald et al., 2000). 
 
 Average annual precipitation in the Popham Beach area over the twenty years from 1995 through 2014 is 51 
inches (gridded meteorological data from Thornton et al., 2015). Recharge into the sand dunes is 65% of 
precipitation (estimated using the groundwater model, see below). The remainder is lost through evapotranspiration 
by trees, plants, and open wetland, and likely a very minor amount of direct runoff into wetlands and ocean. There 
are no substantial surface water streams, but a small freshwater wetland is located to the northwest of the highest 
dunes, and there are tidal channels that drain the saltmarsh both on Atkins Bay and the east side of the Morse River. 
 

 
Figure 11. Map of the well field and park infrastructure, showing the production pumping well and monitoring well 
locations. 

 
 The water production well for the State Park is located in a higher portion of the forested back dunes, between 
the parking lot and Route 209 (Figure 11). The ground elevation in this part of the dunes ranges from 5.5 to 26 ft 
NAVD88, and the groundwater elevation in wells and piezometers ranges between approximately 3 and 4 ft 
NAVD88. 1 Groundwater flow across the monitoring well field is generally from northeast to southwest. The 

                                                           
1 A note on elevations: Unless otherwise specified, elevations are reported in the NAVD88 datum. At Popham 
Beach, mean sea level (MSL) is −0.16 ft NAVD88, while mean higher high water (MHHW) is 4.58 ft and mean 
lower low water (MLLW) is −4.86 (from NOAA VDatum 3.5, http://vdatum.noaa.gov/). 
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mounding of groundwater above sea level in the middle of the dunes suggests that there is a substantial lens of 
freshwater in the aquifer below, and that recharging water from precipitation eventually flows downward and 
seaward, until it seeps into the ocean below the high-tide line (similar to the idealized Figure 12). 
 

 
Figure 12. An idealized, hypothetical cross-section through a low sand spit or island, showing a lens of freshwater 
and the general directions of groundwater flow through the unconsolidated aquifer (modified from Barlow, 2003). 
 
Saltwater, Freshwater, and Seawater Intrusion 
 In an unconfined aquifer adjacent to the ocean or, like the Popham peninsula, surrounded on all sides by bodies 
of saltwater, there exists a complicated interaction between freshwater and saltwater in the subsurface (Barlow, 
2003). Fresh groundwater in Maine is supplied by locally infiltrating precipitation; where the continental shelf is 
covered by ocean, the groundwater below has salinity similar to that of ocean water (approximately 35,000 mg/L 
total dissolved solids, while freshwater typically has less than 1000 mg/L). At the coast there is a transition zone 
between fresh groundwater and saltwater (Figure 13), which, where thin, is approximated as a surface called the 
saltwater interface. The location and thickness of the transition zone depends upon the flux of freshwater moving 
through the aquifer, the hydraulic properties of the aquifer material, the depth to bedrock or a confining unit, and 
dispersive mixing due to tides (Barlow, 2003). In a single-aquifer system, the less-dense freshwater overlies denser 
saltwater, so that the saltwater interface dips landward. The discharge zone for freshwater is at and usually below the 
intertidal zone, so that the surface of the saltwater interface meets the upper land surface somewhere offshore. 
 
 Where the land surface is low and surrounded on most sides by saltwater, such as an island, sand spit, or barrier 
beach, the freshwater can form a lens that is completely surrounded and underlain by saltwater (Figure 12). This is 
likely the case at Popham Beach. Although the thickness of the freshwater lens is difficult to know without 
measuring salinity directly, a simple estimate of the depth to saltwater is given by the Ghyben-Herzberg 
approximation, which is based on the density difference between freshwater (1.000 g/cm3) and saltwater (1.025 
g/cm3). The full thickness of the saturated freshwater lens (d) is given by: d = h + 40h, where h is the height of the 
water table above sea level (Reilly and Goodman, 1985). This calculation for Popham Beach would yield depths to 
saltwater beneath the dunes of between 120 and 160 ft, although the shallower bedrock complicates this situation. A 
more rigorous estimate can be achieved using numerical modeling. 
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Figure 13. An idealized illustration of the transition zone between freshwater and saltwater below the coastline. The 
density of dots is intended to represent salinity. Solid arrows show the movement and discharge of freshwater, while 
dashed arrows show the recirculation of saltwater, caused by mixing in the transition zone (from Barlow, 2003). 
 
 Seawater intrusion occurs when saltwater associated with the ocean moves into an aquifer that was previously 
saturated with freshwater, and can have detrimental effects on water resources. Saltwater intrusion is typically a 
problem in regions where recharge is low and groundwater pumping rates are high close to the coast. However, any 
changes in aquifer boundary conditions, such as a rise in sea level or a drop in recharge (e.g., due to development of 
impervious surfaces) can change the location of the saltwater interface. Figure 14 illustrates two drivers of saltwater 
intrusion that may occur at Popham Beach, aquifer drawdown due to pumping and sea-level rise. Sea-level rise 
affects the fresh-water aquifer in two ways, by increasing the height (hydraulic head) of the ocean, and by 
inundating the coastline, bringing the ocean closer to points on land. Both of these changes can cause saltwater 
intrusion into the aquifer and a rise in the fresh water table elevation. A rise in the water table, even if fresh, can 
cause damage to infrastructure such as foundations, septic systems, and road beds. 
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Figure 14. Two potential drivers of saltwater intrusion: (a) pumping of groundwater (Q) creates a cone of depression 
in the water table around the well, as well as movement of the saltwater interface (thick dashed line) into the well; 
and (b) a rise in the elevation of the ocean combined with inundation of the coastline with saltwater causes both a 
rise in the freshwater table and landward movement of the saltwater interface (modified from Ferguson and Gleeson, 
2012). 
 

PARK INFRASTRUCTURE AND WELLS 
 
 In 2008, a new water supply for the park was designed in order to meet the greater demand that accompanied 
the construction of new bath houses with flush toilets and showers. Previously, the park was served by two shallow, 
driven well points, which were deemed insufficient to supply the new facilities. Although the search for water at 
first concentrated on drilled bedrock wells, the investigation ultimately settled on a single well installed in the 
unconsolidated sandy aquifer beneath the high dunes. The water supply for the park is now a gravel-pack well of 
about 28 ft in depth, installed in 2008 in an area of forested back dune between the parking lot and Route 209 
(Figure 15). The lowest 4 ft of the well is a pre-packed stainless steel screen containing ceramic beads, which 
increases the hydraulic conductivity immediately surrounding the well and allows water but not sand to be drawn 
into the well (Figure 16). Above the screen is a 6-in diameter casing that extends several feet above the ground 
surface (Sevee & Maher Engineers, Inc., 2008b), which is at approximately 11 ft NAVD88. A submersible, electric 
pump installed below the water level in the well draws water from the aquifer for public showers, sinks, flush toilets, 
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and drinking water. Used water is disposed of in septic system and grey-water leach fields adjacent to the parking lot 
and bath house. The lowest chamber of the septic system is about 4 ft above the estimated seasonal high water table, 
which is more than enough space to accommodate the expected mounding of the water table beneath the disposal 
field (Sevee & Maher Engineers, Inc., 2008a). It is important to maintain at least two feet of unsaturated material 
beneath the disposal field to prevent contamination of the groundwater. 
 

 
Figure 15. Photograph on the left, from 2008, shows the drilling rig set up near a completed monitoring well, with a 
length of a protective well casing (photo: Daniel B. Locke). Photograph on the right, from 2015, shows the 
completed production well (right) with electrical service entering the top of the casing and the nearest monitoring 
well, MW-6 (photo: Ryan P. Gordon). 
 

 
Figure 16. A photograph of the pre-packed steel and ceramic well 
screen before installation (photo: Daniel B. Locke). 

 
 The supply well was designed for withdrawals that are concentrated in the high-use season between June and 
Labor Day, when demand may average 15 gpm; however, averaged over a whole year the consumption rate is likely 
close to 4 gpm. The pump is limited to an instantaneous rate of 60 gpm. During pumping of 15 gpm, drawdown in 
the well is estimated to be about 3 ft, based on a three-day pumping test of the well (Sevee & Maher Engineers, Inc., 
2008b). 
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 The static free groundwater surface in the vicinity of the supply well is about 4 ft above mean sea level. 
Drawdown of the water table close to sea level has the potential to draw saltwater close to or into the well. 
Fortunately for this system, the season of high-water use is limited to three or four months, and the average annual 
extraction rate of 4 gpm is low, especially compared with the high rate of freshwater recharge. Nevertheless, the low 
elevation and proximity of the well to the ocean and salt marsh is enough to cause concern about the potential for 
salt-water intrusion into the well as sea level rises, or if further erosion of the beach and dunes occurs. The chambers 
of the septic system are also close enough to the seasonal high water table to cause concern that rising sea levels and 
increasing precipitation rates will cause the water table to rise and flood the septic system. 
 
 In 2015, the Maine Geological Survey (MGS), working with the Maine Coastal Program and the Bureau of 
Parks and Lands, began a study to understand the recharge and flow of groundwater through the dune aquifer 
system, and to investigate the potential for seawater intrusion and other hydrologic effects of sea-level rise. The 
hydrogeologic investigation was one small part of a larger project to plan for the effects of sea-level rise on the 
state’s coastal parks. 
 

SEA-LEVEL RISE AND ADAPTATION 
 

Vulnerability analysis used by the Maine Geological Survey is based on the elevation of the Highest Annual (or 
Astronomical) High Tide or HAT. This elevation is preferred to Mean High Water (MHW) for geohazard analysis 
because it represents the elevation reached or nearly reached by the largest tides in a year. In this part of the Maine 
coast, the vertical difference between the MHW and the HAT is about a foot, so mapping based on MHW is similar 
to the HAT from the Colonial era.  Storms can cause coastal erosion flooding at spring or neap tides, but historically 
some of the greatest land and property loss has occurred when the tidal range is near the maximum. So the use of the 
HAT allows a “worst case” analysis.  
 

The highest annual tide is used as the definition of a coastal wetland in Maine but it differs very little from the 
highest astronomical tide of the National Tidal Datum Epoch (Adams, 2014). This elevation is used (either in the 
tidal datum of Mean Lower Low Water or North American Vertical Datum of 1988) as the foundation for scenario-
based simulations of storm surge and sea level rise (Table 1). Given some uncertainty in projecting sea level, 
scenarios provide a variety of simulations that can be linked to types of infrastructure and capital improvement plans 
as appropriate. 
  

Inundation mapping is done by projecting a specific elevation on a lidar-based digital elevation model in a 
geographic information system (Figure 17). This static approach is based on a date-specific lidar data collection and, 
in a location like Popham Beach (Figure 3), only represents a past geomorphology. Nevertheless, the analysis 
provides the best available perspective and some areas, such as back dunes and park infrastructure, are much less 
dynamic than the beach itself. 
  

Table 1. Inundation Levels with Multiple Scenarios for Vulnerability Assessments 
Elevation Scenario Scenario 

HAT + 1 foot Nuisance flooding today HAT in 2050 
HAT + 2 feet Nuisance flooding in 2050 HAT in 2070 
HAT + 3.3 feet Nuisance flooding in 2070 Northeaster storm surge today 

Note: time line for sea level rise is for planning purposes to increase preparedness. 
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Figure 17. Inundation mapping of current conditions (Existing HAT) and 4 scenarios of sea level rise or storm surge 
illustrate the vulnerability of the road network in Phippsburg. Winter storm surges at a spring high tide can flood 
Popham Road (State Route 209; arrow) that is the only access to Popham Beach State Park. With one foot of sea 
level rise, park and peninsula access may be limited during spring tide conditions unless the road is elevated to avoid 
nuisance flooding. 
 

Inundation mapping does not take into consideration shoreline change rates. Erosion and accretion data (Figure 
4) using the U.S. Geological Survey DSAS program can be projected with a GIS within the limits of retrospective 
data. Projection of land loss provides scenarios on which vulnerability can be analyzed but not absolutely predicted. 
Understanding vulnerability to shoreline change still requires geological analysis and understanding of the physical 
processes and limits constrained by coastal geomorphology. This field trip provides multiple examples of the 
complexity of shoreline change over short distances and the need to anticipate long-term erosion inland to areas not 
previously documented in geological studies. 
 

GROUNDWATER LEVEL AND SALINITY MONITORING 
 
Observation Well Network 
 During the initial development of the water supply in 2008, four monitoring wells were drilled and installed in a 
monitoring field around the production well (MW-2, MW-3, MW-5, and MW-6), and three shallow piezometers 
were driven, two of which were subsequently destroyed by construction of the septic field. The monitoring wells 
were installed with 5-ft screens at depths between 23 and 44 ft (elevations between -14 and -33 ft NAVD88). In 
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2015, farther from the well field, MGS staff installed by hand 3 additional shallow piezometers, which are screened 
at the water table (Figure 11). Since 2015, MGS has been monitoring the water levels and specific conductivity of 
water in these wells and piezometers. Seven of the existing monitoring wells and piezometers are instrumented with 
water level loggers that record the hydraulic head every 15 minutes (Figure 18), and one instrument records specific 
conductivity, which is related to salinity. 
 
 Figure 19a shows an example of a groundwater level record from MW-2, in the middle of the dunes, screened at 
an elevation of -28 to -33 ft NAVD88. A general seasonal pattern can be seen, in which groundwater is at the lowest 
in September 2015, recovers through the fall and winter, and begins to drop again during the dry spring and summer 
of 2016. Periodic sharp increases in the water level are associated with precipitation events, and more gradual 
recessions follow each of these recharge events. A cycle of daily ups and downs may also be discernable, especially 
during the growing season in 2016. Figure 19b shows a shorter time interval from PZ-6, a shallow piezometer close 
to the frontal dune. In this record, both a daily cycle and a twice-daily cycle can be seen, slightly off-phase from 
each other. The daily cycle in both well and piezometer is due to the daily cycle of plant transpiration; during the 
day trees and plants use water as they photosynthesize sugars, and it is lost through their leaves. The twice-daily 
cycle, which is more prominent in both wells and piezometers closer to the beach or marsh, is caused by tidal 
fluctuations at the boundaries of the aquifer. 
 

 
Figure 18. A self-contained water level sensor and logger. 
The logger is suspended by a wire in the well below the 
water level, where it measures and records the pressure of 
the water above (photo: Ryan P. Gordon). 
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Figure 19. Groundwater levels in wells (a) MW-2 and (b) PZ-6. 
 
 In addition to one well that continuously logs conductivity, MGS has periodically measured conductivity 
manually in all the wells synoptically (at the same time). The highest observed value has been 275 µS/cm, recorded 
by the automatic logger in PZ-6 in January 2016. Because specific conductivity is proportional to the salinity of 
water, these measurements indicate that seawater intrusion is not currently occurring in the parts of the aquifer 
where these wells are screened. 
 
Terrain Conductivity 
 As part of the field investigation, MGS also performed transects using a terrain conductivity meter (Geonics 
EM-34-3), a geophysical device that measures the conductivity of the bulk subsurface. Because sand saturated with 
saltwater and sand saturated with freshwater have very different bulk conductivities, it is possible to use multiple 
measurements from the EM-34-3 taken on the surface to estimate the depth to the saltwater interface. A two-layer-
earth model of the terrain conductivity data indicates that the interface is 25-30 ft deep at edge of the frontal dune on 
Center Beach, directly south of the pumping well, and 65-70 feet deep in the center of the dune field, about 200 ft to 
the west of the pumping well. 
 

NUMERICAL GROUNDWATER FLOW MODELING 
 
 A three-dimensional, steady-state groundwater flow model (USGS MODFLOW-2005; Harbaugh, 2005) has 
been constructed of the State Park dune field and surrounding beaches, marshes and sea floor up to one mile from 
shore, and calibrated using the monitoring well data. The groundwater model simulates many of the processes 
occurring at Popham Beach: recharge, groundwater discharge to the wetlands and ocean, well pumping, septic 
system return flow, sea-level rise, and land-surface inundation. The model also uses the SWI2 package (Bakker et 
al., 2013) to simulate a sharp saltwater interface under a variety of well-pumping and sea-level-rise scenarios. 
 
 The top surface of the model domain is a 100-ft grid of 190 columns and 200 rows (Figure 20), with elevations 
derived from a combination of lidar flights over both land and shallow water, plus several bathymetry data sources 
in deeper water. The top surface therefore represents the land surface and sea floor. Constant head boundaries on the 
sea floor and lake bottoms represent freshwater hydraulic head. The surfaces of the marshes, mudflats, and beaches 
are simulated as MODFLOW RIV boundaries, in order to switch from recharge to discharge zones, depending on 
inundation by the ocean from tides or sea-level rise. A south-north cross section through the model (Figure 21), 
shows the topography of the model top, as well as the elevations of the six layers. The bottom of the model is a no-
flow boundary at -300 ft NAVD88. 
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Figure 20. A close up view of the top surface of the model grid. The pumping well is at the center of the intersecting 
green row and blue column. The blue column represents the location of the cross sections shown in the following 
figures. 
 

 
Figure 21. A cross-section plot from south (left, Atlantic Ocean) to north (right, Atkins 
Bay) through the model at the location of the pumping well. The model row and 
appropriate elevations occupied by the well casing are symbolized as a grey bar, with dark 
grey for the well screen. Shown are the boundaries of the discretized model layers, as well 
as the bedrock surface and current modeled water table (MSL = -0.16 ft NAVD88). The 
bottom of the model is at -300 ft (not shown). 
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 The model was run under a variety of scenarios of sea-level rise and groundwater extraction. Discussed here are 
results from four scenarios, two with the ocean at current mean sea level (MSL) and two under 3.3 ft of sea-level 
rise (MSL+3.3ft). Each of the ocean elevations were run with no pumping and 35 years of pumping at 15 gpm 
(significantly higher than current usage). Simulated results show that the fresh water table rises significantly with 
sea-level rise, but decreases only slightly due to pumping at this high rate (Figure 22). At the location of the septic 
system, which is the infrastructure most sensitive to rising water tables, the elevation of the simulated water table 
rises from 3.66 to 6.58 ft NAVD88, a rise of 88% of the total increase in sea level. According to the model, the 
lowest chambers of the septic system are close to being flooded under 3.3 ft of sea level rise, and could easily be 
flooded by high water tables associated with unusually wet weather. 
 

 
Figure 22. A cross-section plot from south (left) to north (right) through the model at the 
location of the pumping well (grey bar). Shown are modeled water table elevations under 
current MSL conditions and under 3.3 ft of sea-level rise, each with and without 
groundwater pumping of 15 gpm. 

 
 Results of the seawater intrusion model component are shown in Figure 23. The data as plotted here are 
somewhat difficult to interpret visually, because the SWI2 package solves for the elevation of the saltwater interface 
(zeta) independently in every model layer. In each layer shown in the figure, the zeta is a cross-cutting line with 
freshwater above it and saltwater below. From layer to layer, it is possible to have saltwater on top of freshwater, as 
seen in layers 2 and 3 on the right side of Figure 23. In this case, the discharging freshwater in the lower layer, 
moving to the right, is partially trapped and pushed farther out beneath Atkins Bay by a lower-hydraulic-
conductivity layer above it, which contains saltwater. 
 
 The modeled saltwater interfaces (Figure 23) all appear to be controlled at the sides of the freshwater aquifer by 
the position of the coastline, and at the bottom of the aquifer by the bedrock surface. Due to the low porosity of the 
bedrock, the modeled depth to saltwater beneath the middle of the dune field is less than what would be estimated by 
the Ghyben-Herzberg approximation. The modeled position of the saltwater interface under current conditions is 
roughly compatible with the estimates made using terrain conductivity measurements, with the former simulating a 
slightly deeper interface than the latter. In general, the results of the modeled saltwater interface lead to two main 
conclusions. First, significant saltwater intrusion to the north and south of the freshwater aquifer (beneath the Center 
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Beach area and beneath the Atkins Bay marsh) was simulated by the model under the 3.3-ft sea-level rise scenarios. 
Pumping appears to have little impact on this lateral intrusion of seawater. These results, coupled with several 
heuristic models that incorporate shoreline erosion (not shown here), suggest that horizontal inundation of the land 
surface by saltwater is an important driver of lateral saltwater intrusion beneath the flooded coastline. Second, and 
somewhat in contrast to the first conclusion, the small amount of saltwater intrusion modeled directly beneath the 
pumping well is mainly controlled by the rate of pumping, and sea-level rise had little effect here. In what can only 
be good news for the water supply at Popham Beach, the amount of vertical intrusion of saltwater beneath the well 
was less than 4 ft, even after a steady simulated rise of sea level to 6 ft above current levels by 2100, combined with 
consistently high rates (15 gpm) of pumping (these model results not shown). 
 

 
Figure 23. A cross-section plot from south (left) to north (right) through the model at the location of the pumping 
well (grey bar). Shown are the elevations of the modeled sharp saltwater interface (zeta) under current MSL 
conditions and under 3.3 ft of sea-level rise, each with and without groundwater pumping of 15 gpm. 
 
 The implications for the State Park infrastructure of the groundwater flow modeling are mixed. The water 
supply well is not under direct threat of permanent saltwater intrusion under moderate levels of sea-level rise; 
however, the septic system is at risk of flooding under simulated conditions of 3.3 ft above current sea level. 
Furthermore, the risk to the water supply from storm surge and overtopping of the freshwater aquifer was not 
directly addressed during this modeling exercise. Hurricane storm surges have the potential to push saltwater 
significantly inland towards the pumping well, and the likelihood for quick infiltration of this saltwater into the top 
of the freshwater aquifer is high, especially due to the high recharge rate and permeability of the sandy dune 
sediments. Further modeling work that incorporates coastline erosion, storm surge, and unsaturated zone processes 
would help clarify this risk. 
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STOP DESCRIPTIONS 
 

 
 
 
STOP 1: PICNIC TABLES OVERLOOKING THE BEACH 
 
 Meet at the flagpole in the parking lot at 10:00 a.m. We will walk to the first stop that provides a panoramic 
overview of the coastal geology from an elevation in the dunes. The vista extends from the Kennebec River offshore 
to Seguin Island and west to Cape Small at the boundary with Casco Bay. The bedrock islands and ledges are 
prominent and influence wave refraction, sand transport, and the shape of the intertidal beach and berms. From this 
overlook the tide is relatively high but falling. The last high tide swash line provides a sense of the beach curvature, 
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dry beach width in front of the vegetated dune edge, and the submergence of large expanses of a gently dipping 
beachface across which surf breaks. 
 
STOP 2: BACK DUNES AND PITCH PINE FOREST 
 
 Walk 5 minutes west from the parking lot, following a trail over the back dunes and into the pitch pine forest. 
We will stop in the shade of the mature forest that has covered the dunes for at least 100 years. A shallow 
piezometer installed in a low area between dune crests gives us a window into the groundwater aquifer. We will talk 
about the basics of groundwater, and introduce the concept of seawater intrusion into freshwater aquifers. We will 
also take a basic conductivity measurement of the water. 
 
STOP 3: WEATHER STATION 
 
 Another minute’s walk west will lead to a small weather station installed and operated by researchers at 
Popham Beach. This station records data every 30 minutes about temperature, barometric pressure, wind strength 
and direction, and precipitation amounts. We will talk about the basics of the hydrologic cycle, and the fate of 
precipitation that falls on the back dunes. 
 
STOP 4: MONITORING WELLS AND PRODUCTION WELL 
 
 Backtrack to the parking lot, and then enter the forest by another trail from the northwest corner of the parking 
lot. This trail leads towards the production well where water is pumped from the groundwater aquifer. The 
protective sanitary casing and well cap protrude several feet above the ground surface. We will talk about how a 
well is drilled and installed in unconsolidated material, how the safe yield is determined, and how the well is 
currently utilized. The well is located near the highest crest of dunes in the back dune area, and also positioned so 
that it is as far as possible from the parking lot, roads, and sources of salt water. Here we will also discuss saltwater 
intrusion in more detail. 
 
STOP 5: MONITORING WELL FIELD 
 
 Within a few hundred feet from the production well in the surrounding forest are five monitoring wells that 
were installed during the field investigation to develop the new water source. These also have protective casings that 
extend above the ground. They are roughly oriented in a triangular shape around the production well, which allows 
us to determine the slope of the groundwater surface. We will take more measurements on these wells, and discuss 
how the measurements helped inform a computer model of groundwater flow. 
 
STOP 6: BATH HOUSE AND SEPTIC FIELD 
 
 Returning to the parking lot again, congregate on picnic tables near the west-side bath house, literally on top of 
the septic waste disposal and greywater leach fields. Here we will have the opportunity to discuss some results from 
the groundwater flow model and to talk about future planning and adaptations. 
 
STOP 7: EAST BEACH AND DUNES 
 
 Walk 15 minutes east from the parking lot to a beach stop adjacent to low-relief dunes fronting State Route 209. 
We will review erosion of the frontal dune at this location over the last few years. This erosion has exposed back 
dunes to wave action. These dunes are lower than a typical frontal dune ridge and wave overtopping and shoreward 
sand transport has been minimal. Consequently, there has been limited formation of a new frontal dune in the last 
decade. The dune edge is steep and reflective which makes seaward propagation of American beach grass limited. 
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The lower beach profile typically has a bar-and-trough geomorphology with a surf break offshore at low tide and 
higher on the steeper upper beach profile at higher stages of the tide. Storm waves can reach the toe of the dunes and 
scour the steep dune face to form scarps that recede 10 feet in a single winter storm. Acute erosion on the order of 
15 feet per year from 2010 to 2014 (Slovinsky et al., 2015) abated when a large subtidal bar became intertidal and 
then welded onto the beach. In the process of welding, however, there was a period of longshore drift reversal that 
led to increased scour before the berm received sand from the bar. Once the bar became part of the upper beach 
profile, longshore drift returned to the typical easterly direction, moving sand along Hunnewell Beach and toward 
the Kennebec River. 
 
STOP 8: HUNNEWELL SEAWALL 
  

Walk 5 minutes along the beach to the riprap seawall on Hunnewell Beach. At this site we can begin to see 
development in the dunes. Shoreline retreat here has periodically exposed some homes to land loss due to erosion. 
With the loss of protective dunes, waves cause splashover and potential flooding. Cycles of erosion tend to last for a 
few years and be followed by dune rebuilding. Past dune growth has extended tens of meters seaward and buried the 
seawalls that are exposed now. Currently the seawalls actively reflect surf which creates additional toe scour and 
injects more sand into the longshore drift. The most recently welded bar did not raise the beach profile elevation 
sufficiently to support a berm and dune re-growth seaward of the rip rap structure. Some of the most severe dune 
loss has occurred adjacent to the riprap. This shoreline retreat can be the result of additional turbulence from the 
“end effect” where the wall has a sharp termination and wing wall extending into the dunes. We will discuss how 
Maine balances dune preservation and property protection adjacent to the surf zone.  
 
STOP 9: CENTER BEACH - BERM AND INCIPIENT DUNES 
  

Walk 15 minutes back along the beach to the broad expanse of a berm called Center Beach. This large berm 
surface is a result of wave refraction around the Fox Islands. Swells bend around both sides of the bedrock outcrop 
and work sand ashore in the wave shadow created by the islands. This is Maine’s largest tombolo (an intertidal sand 
bar generally perpendicular to the shoreline) yet it is also very dynamic. From mid-tide to high tide the tombolo is 
submerged and rather impassable. This submergence not only limits access to the island but also allows significant 
sediment transport for about 6 hours around each high tide. Currents tend to flow west to east across the tombolo 
leading to sand transport to the subtidal bar system seen at the last stop. We will review past breaches of the tombolo 
when a channel cut across the bar and injected significant sand volumes in the direction of Hunnewell Beach. With 
the re-emergence of the tombolo after a breach, the berm on Center Beach rebuilds to a spring tide elevation and 
higher. This vertical accretion is supplied by both wave action and aeolian transport. Incipient dunes have formed in 
the last few years in the interior section of the berm and are in the process of expanding horizontally and vertically. 
The re-establishment of a sparsely vegetated berm is ideal for plover nesting and fenced exclusion areas were set up 
in the summer of 2015, right in the middle of the busiest part of the beach. String fencing supported by simple stakes 
has been used successfully to limit foot traffic in the emergent dunes. Placement and goals of protecting dune 
vegetation will be discussed in the context of creating a living shoreline that can also dissipate storm waves and 
flooding while increasing the sand reservoir in the center of the park. 
 
STOP 10: BARRIER ISLAND – DUNES, BEACHFACE, BARS, AND WASHOVER CHANNELS 
  
 From Center Beach, walk west 10 minutes along the seaward side of the dunes that are part of Maine’s youngest 
barrier island. As the main dune field is approached, we will pass smaller and lower dune formations just above the 
elevation of the spring high tide. As the beach has gained sand in the last 5 years, horizontal and vertical sand 
accretion has preserved the dunes from significant inundation or storm erosion. The low dune field is about half a 
meter or less above the highest annual tide so an annual storm surge of about two feet can washover these new 
dunes. However, given the rise and fall of the tides during a storm, inundation and surf action is generally limited to 
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a few hours at the height of a storm. The net longshore drift is to the east so onshore and alongshore transport of 
sand brings more sediment supply that can be trapped by American beach grass. The central dunes of the barrier 
island have been building up at a rate of up to one to two feet per year over the last few years. Consequently, there 
are only a few washover channels through the barrier island and those are sufficiently long that very little landward 
sand transport takes place across the island to deposit sand in the back-barrier lagoon. The center of the island 
provides an excellent opportunity to see dunes that formed in the last decade. At this stop we will review shoreline 
change that led to the formation of Maine’s youngest barrier island and its subsequent evolution. On the time scale 
of a decade, this barrier island shows no signs of landward transgression into the lagoon. We will discuss the fate of 
the barrier island based on recent shoreline change trends. 
 
STOP 11: MORSE RIVER CHANNEL – MEANDERS AND AVULSION 
 
 From the center of the barrier island walk west 5 minutes along the berm to the Morse River bank. The broad 
berm fronting the center of the island becomes narrower and disappears at the river. The river course bends toward 
the barrier island and results in an active cut bank where it encounters the barrier island dunes. The river bank is 
steeper than the beach face, more poorly packed, and the high tide position reaches the base of an erosional scarp at 
the dune edge. The Morse River erodes sand along the cut bank on both incoming (flooding) and outgoing (ebbing) 
tides. Here we observe the ebbing channel flow nearing its peak during mid-ebb. The river momentum and gradient 
lead to seaward flow for nearly an hour after the predicted low tide. The current is strong because it drains an 
upstream impoundment at Spirit Pond (Figures 2 and 3). Unlike many back-barrier settings, the connection of Spirit 
Pond with the river increases the tidal prism (volume of tidally-exchanged water) and provides swift tidal currents. 
Additional inflow and outflow of tides fills and empties the traditional back-barrier lagoon that can be seen from this 
location and the next stop.  
 

Going back two decades, the Morse River channel was forced in an easterly direction by spit progradation until 
2010 (Dickson, 2010; Slovinsky and Dickson, 2011). Longshore drift carried sand east off Seawall Beach to build 
first an intertidal spit platform and then a more emergent spit above spring high tide that supported vegetation. 
Protected by bedrock islands, nearshore sand bars, and a constant supply of sand, the spit became large, accreted 
vertically, and more and more difficult to overtop by storm flooding. Vegetation became denser, aeolian dunes 
formed, and the spit became more stable. A similar condition had existed in earlier cycles of Morse River 
meandering but the volume and elevation of the spit was smaller and more easily washed over by storms. 
Consequently in earlier events (c.a. 1986; Goldschmidt et al., 1991) the landward migration of the spit was faster 
and also was easier to breach in storms.  
 

In April 2009 students in a Bates College sedimentology class field trip observed a washover channel forming 
on the spit (Dickson, 2009). However, a much anticipated breach was not imminent for about another year. A 
February 27, 2010 survey of the washover channel confirmed persistence of a 200-foot channel cross-section at the 
Mean High Water elevation following a major storm the previous day (Dickson, 2011; Slovinsky and Dickson, 
2011). However, the single storm was insufficient to open a new Morse River channel. Over the following week, a 
trifecta of (1) high spring tides, (2) a persistent surge, and (3) a significant wave height of 28 feet offshore (Buoy 
44007) continued to incise a new channel. A peak surge of 4 feet was followed by persistent setup of 1 foot that 
provided 5 tides above what is considered “flood stage” and 4 days of unusually high tides. This persistent tidal 
surge of 1 foot may have been the expression of a U.S. East Coast sea level rise anomaly (Goddard et al., 2015; 
Slovinsky et al., 2015; Sweet et al., 2009; Yin and Goddard 2013) as much as a local meteorologically-generated 
surge. After a week of these trifecta conditions, a new channel was fully formed by March 6, 2010. With this 
avulsion, Maine’s youngest barrier island was born. 
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STOP 12: BACK-BARRIER LAGOON 
 
 Walk north and then east another 5 minutes along the high tide line to reach the back side of the barrier island. 
The back-barrier lagoon at Popham Beach owes its existence to excavation by the Morse River from 2005 to 2011 
(Dickson, 2010; Slovinsky and Dickson, 2011). Unlike some models of lagoon formation behind transgressive 
barrier islands and sea-level rise, coastal evolution here is predominantly of fluvial origin and also much faster.  
 

Channel meandering behind the spit resulted in erosion of the dunes and pitch pine maritime forest in a rather 
systematic pattern. A cut bank on the north side of the river channel undercut high back dunes and felled trees into 
the channel. As the cut bank meandered east dunes were progressively destroyed from 1980 to 2009 (Dickson, 
2010). As described above, the persistence of the barrier spit seaward of the Morse River provided an impediment to 
both seaward meandering and an avulsion to shorten the channel course. As the Morse River continued to be forced 
east by spit progradation, erosion threatened the west bath house and leach field and cut through the tombolo at 
Center Beach. So the combined Morse River tidal prism and strength of the ebb current were sufficient to erode the 
tombolo and result in an ebb shoal forming on the east side of Center Beach. This outlet position of the Morse River 
led to additional dune loss, including an area of picnic tables and grills similar to and west of the one at Stop 1. 
 

Following the spit breach, channel meandering and flood-oriented sand transport slowed into the lagoon from 
the east. Over the last 5 years, lagoon infilling has been gradual with the deposition of stacked small flood-tidal 
deltas and westerly spit progradation off East Beach into the relict Morse River channel at Center Beach. However, 
deposition has not eliminated tidal exchange in the lagoon. Back-barrier outflow has been primarily via a westerly 
channel to the Morse River which allowed easterly spit progradation off the barrier island. By 2016 spit 
progradation from both East Beach and the barrier island, as well as onshore bar welding west of the tombolo, 
resulted in sufficient deposition to restore Center Beach to a supratidal elevation.  
 
STOP 13: BATH HOUSE TREE WATTLES AND BEACH SCRAPING 
  
 Walk east 10 minutes back to Center Beach and stop by the stack of fallen pitch pine trees formed into a wattle 
with ropes. From the spit breach early in 2010 through 2011, tidal exchange with the lagoon kept erosion adjacent to 
the bath house ongoing and additional pine trees becoming driftwood. The Maine Geological Survey recommended 
using the full tree trunks and root systems to slow the Morse River flow along the shore next to the bath house 
(Dickson, 2010). Upstream, where trees protruded into the channel, additional sand was deposited and a wider 
lagoon beach formed. Using this natural concept, driftwood was placed in the erosion hot spot upstream and in front 
of the bath house. The tree wattle effort received environmental permits and the bundle of trunks were tied and 
anchored to living upland tress in the adjacent dunes. During storms the wattle moved slightly as it was lifted by 
flooding and surf. Following the initial installation of tree wattles, sand began to bury them in the core of a berm and 
dune. However, Hurricane Irene (August 29, 2011) was anticipated to make landfall on the Maine coast so 
additional wattles were built and existing trees rearranged seaward of the bath house. In order to minimize hurricane 
flooding (the cut bank was about 75 feet from a 10-foot high scarp) jersey barriers were placed seaward of the west 
bath house. These barriers were also used to anchor the tree wattles. 
 

Hurricane Irene tracked west into Vermont, but erosion continued even after the storm’s passage. Even with the 
tree wattles in place sand was being lost due to a meander in the tidal channel that made a sharp curve immediately 
seaward of the bath house. With the foundation of the bath house now only 55 feet from the scarp and single storms 
removing 10-15 feet of dune, little time remained until the structure might have been undermined. The Maine 
Geological Survey proposed moving 10,000 cubic yards of sand from the barrier island spit in an onshore direction 
to infill the tidal channel in front of the bath house and to create a sloping beach and berm that covered the tree 
wattles (Dickson, 2012; Kelley, 2013). Environmental permits were quickly obtained prior to the arrival of 2011-
2012 winter storms. This proposal mimicked the natural transport direction but accelerated it from perhaps a year to 

226



 GORDON AND DICKSON B6-27 

a week. The resulting geomorphic conditions created a lower barrier island spit topography similar to that of 2009. 
Following the beach scraping, the lagoon channel found a new outflow location similar to that from two years 
earlier. Throughout the design and implementation of the project, all activity stayed at least 500 feet away from 
vegetated barrier island dunes and areas where piping plovers had nested in the summer. This winter effort had no 
detrimental impacts to nesting or foraging habitats the following spring. 
 
STOP 14: PICNIC TABLE OVERLOOK – STORMS OF TODAY AND TIDES OF TOMORROW 
  

From the west bath house walk 5 minutes to the picnic table overlook (Stop 1). Since the beginning of the trip 
the tide has fallen and is continuing to do so. The lower water levels expose more of the beach face, bar-and-trough 
structures, the tombolo, and lower swash zone. Tombolo accretion occurs from both the east and west and often 
sedimentation results in a sinuous bar extending to the Fox Islands. 
 
 The dramatic changes along the park shoreline have removed dunes, minor infrastructure, required small 
adaptation measures, and created a sense of the challenge posed by predicting the future based on the past. An 
initiative of the Maine Coastal Program over the last two years has been to identify vulnerability of park assets that 
could be at risk from shoreline change, northeasters, hurricanes, and several scenarios of sea level rise. Projection of 
short term erosion rates for long term planning is tenuous because of the alongshore variability in erosion and 
accretion driven by both beach and fluvial processes. Understanding sediment budgets and transport pathways has 
helped find short-term solutions to acute erosion that threatened infrastructure.  
 
 Inundation mapping has provided insight into flooding for short durations (e.g. a Category 2 hurricane or a 1% 
chance storm after a 2-foot sea level rise) as well as persistent higher tides from gradual sea level rise. Gradual sea-
level rise results in regular nuisance flooding as well as greater frequency of short-term flooding in storms. At this 
stop we will discuss scenario-based vulnerability assessments of park infrastructure and how science can be used for 
adaptive management and capital improvements to parks using Popham Beach State Park as an example. 
 
STOP 15: THE FOX ISLANDS 
 
 The last stop will be a 10 minute walk across the tombolo to the Fox Islands. The summit of the bedrock island 
provides a panoramic view ashore of the stops in this trip. With a lower tide, wave shoaling can be observed across a 
shallow subtidal shoreface. The refraction of waves around islands and ledges will be observed. The seaward side of 
the island shows evidence of how high and forceful wave action can be during storms. There are several locations 
where imbricated bedrock boulders have come to rest due to wave action. From this observation point we will finish 
the trip and participants are free to revisit earlier stops or walk ashore across the tombolo. 
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GLACIAL DEPOSITS, SUBGLACIAL MELTWATER PROCESSES, AND 

DEGLACIATION OF THE BELFAST AREA, MIDCOAST MAINE: 
NEW INSIGHTS USING LIDAR IMAGERY 

  
By 

 
Woodrow B. Thompson1, Maine Geological Survey, 93 State House Station, Augusta, ME 04333 
Roger LeB. Hooke2, School of Earth & Climate Sciences, University of Maine, Orono, ME 04469 

E-mail addresses: 1iceagemaine@myfairpoint.net, 2 rogerhooke@gmail.com 
 

INTRODUCTION 
 

Much has been learned about glaciation, deglaciation, and related sea-level change in coastal Maine after 
decades of mapping and research. During the last few years, however, LiDAR imagery has revealed “new” glacial 
features in unprecedented detail. On this trip we will visit moraines, glaciomarine deltas, and paleo shorelines 
formed in a marine environment during the late-glacial highstand of relative sea level. LiDAR images and recent 
MGS mapping of these and other features will be examined to see how they relate to deglaciation of the Penobscot 
Bay region and changing sea level. Was Penobscot Bay occupied by a lobe of ice, or by a calving bay?  Then we’ll 
visit good examples of large-scale subglacial meltwater scour zones and esker networks that were unknown prior to 
the availability of LiDAR. 

 
LiDAR is short for LIght Detection And Ranging. The raw data used to produce lidar imagery are acquired by 

airplanes equipped to shoot multiple laser beams at the landscape while flying overhead. The laser beams are 
reflected back to the plane and the vast number of recorded arrival times yield numerical data that can be processed 
to reveal images of either the ground surface or features such as buildings and tree cover. When the returns are 
processed to yield “bare earth” imagery the result is especially useful to geologists because it renders the forest 
cover invisible and shows Earth’s surface in startling detail. Shorelines, eskers, and thousands of subtle moraine 
ridges – some of them only 1–2 m high – are among the glacial-age features that have been revealed by LiDAR 
imagery of coastal Maine.  

 
At those stops where LiDAR is discussed, the imagery will be examined from the following perspectives: (1) 

What Pleistocene deposits and erosional features have been newly revealed by LiDAR? (2) How do these landforms 
compare with those previously identified during surficial geologic mapping? (3)  In what ways does LiDAR inform 
our understanding of regional behavior of the Laurentide Ice Sheet in southern Maine? (4) Does evidence of these 
processes support or refute what might be expected on theoretical grounds and modeling of the ice sheet?   

 
REGIONAL OVERVIEW AND PREVIOUS WORK 

 
The area visited during this trip is west of Penobscot Bay in Maine. It straddles the border between an area 

along the coast that was submerged by the sea in late-glacial time, and hilly uplands to the north that lay above the 
marine limit. The marine submergence resulted from isostatic crustal depression during and lingering after recession 
of the Laurentide Ice Sheet. Consequently the margin of the Laurentide Ice Sheet was in contact with the sea in 
lowland areas during deglaciation of southern Maine. Information from glaciomarine deltas shows that they were 
deposited in shallow waters, generally less than 100 m deep, and thus they are interpreted to have formed along a 
grounded tidewater glacier margin (Thompson et al., 1989).  

 
There have been many studies of glaciomarine sediments and depositional environments in Maine, including 

moraines, subaqueous fans, and deltas. Much of this work was stimulated by reconnaissance surficial geologic 
mapping and related research projects by the Maine Geological Survey (MGS) in the 1970s and 1980s. Detailed 
mapping has occurred in more recent years and continues today under the MGS-USGS STATEMAP cooperative 
program. Faculty and student research at various universities has spun off from the mapping projects, leading to 
characterization of Maine’s glaciomarine deposits and development of integrated facies models (e.g. Smith, 1982; 
Smith and Hunter, 1989). Researchers have demonstrated the importance of sedimentation processes along the 
grounding line of the ice sheet in producing moraines and other ice-marginal deposits below the marine limit. 
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SUBGLACIAL PROCESSES 

 
Ice sheet thermal regime and subglacial drainage 
 

While an ice sheet may be frozen to its bed, the bed of the Laurentide Ice Sheet in Maine was, for the most part, 
at the pressure melting point and liquid water was present. Under these conditions, geothermal heat reaching the bed 
from Earth’s interior and frictional heat produced near the bed by shear in the basal ice may exceed conduction of 
heat to the glacier surface. This results in melting of basal ice. Along a flowline extending outward from the center 
of an ice sheet, there is likely to be a zone of such melting near the center followed by a zone in which cold ice, 
advected downward from the surface, results in freezing at the bed. Further out along the flowline, beginning 
roughly at the equilibrium line, frictional heating re-initiates melting (Hooke, 2005, p. 135-137). 

  
Where melting first starts in this latter zone, the melt rate is low and the water may be lost downward to 

groundwater, which then flows outward and re-emerges in springs in the glacier forefield. Groundwater flow rates 
are low, however, so once the capacity of this flow system is exceeded and water pressure at the bed approaches the 
ice overburden pressure, water begins to accumulate and to flow outward along the bed. Initially it may flow as a 
thin film, but as more water accumulates it will collect into broad low conduits (Fig. 1). 
 

 
Figure 1.  Subglacial conduits beneath a polar ice sheet with temperatures below the pressure 

melting point a few meters above the bed. (Modified from Hooke, 2005, Fig. 8.18). 
 
Which way will subglacial water flow? 
  

Water flow on land is downhill. It is normal to topographic contours, which are contours of equal hydraulic 
potential, Φ (Φ = Pw + ρgz.  Pw is the water pressure, ρ is the density of water, and z is the elevation above a 
datum).  Subglacial water flow is likewise normal to contours of equal hydraulic potential. On a subglacial 
landscape, however, these contours – the dashed lines in Figure 2a – are lines of intersection between equipotential 
surfaces within the ice and the subglacial topography. The surfaces of equal hydraulic potential within the ice dip 
upglacier at roughly 11 times the slope of the glacier surface (Fig. 2b) (Shreve, 1972, 1985). Thus, as one might 
expect, subglacial water flows in a direction determined in part by the subglacial topography and in part by the slope 
of the glacier surface. 
 
Formation of eskers 
 

In Figure 2a, the solid contours depict a ridge oriented normal to glacier flow. The water flow shown on the 
subaerial landscape is normal to these contours and thus toward the ridge, and then southward, parallel to the ridge. 
However, when this topography is submerged beneath an ice sheet (Fig. 2b), the equipotential contours in the 
subglacial environment may guide the water toward the ridge and then over it at its lowest point as shown. Note 
(Fig. 2b) that owing to the dynamic pressure of the ice against the stoss side of the ridge, the equipotential contours 
are closer together over the ridge. Just as water flows faster on steeper subaerial slopes, subglacial water should flow 
faster through passes in ridges. Owing to the extra sediment transport capacity thus provided, we may expect 
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sedimentation to be reduced through the pass, and indeed eskers are commonly observed to be discontinuous 
through such passes (as shown in Fig. 2a). 

 

 
Figure 2. (a) Contour map of a landscape on which are superimposed contours (dashed) of equipotential from a time 
when an ice sheet covered the landscape. (b) Topographic cross section from a time when ice was present showing 
the equipotential surfaces in the ice sheet. Numbers are arbitrary units. Owing to the pressure exerted by the ice 
against the ridge, the distance required for a 10 unit pressure drop is longer between B and C than between A and B 
(Modified from Hooke, 2005, Fig. 8.24). 
 

For an esker to form, small conduits like those shown in Figure 1 must grow and coalesce to form a much larger 
conduit.  Energy dissipated by the flowing water melts ice and thus enlarges conduits.  Melting cannot occur, 
however, if the temperature gradient in the ice, with temperatures becoming colder upward, is so steep as to conduct 
all of the dissipated energy (heat) upward, rather than leave it to act on the walls of the conduit (Hooke and Fastook, 
2007).  Numerical modeling of the advance and retreat of the Laurentide Ice Sheet over Maine suggests that it was 
only within 5 to 10 km of the ice margin that the temperature gradient was low enough to permit enlargement of 
conduits by melting. 

 
Once a conduit is able to enlarge itself by melting, it is likely to become sharply arched as this is the most stable 

form (Shreve, 1972). Then, the equilibrium situation toward which the system tends to evolve, is one in which the 
melt rate on tunnel walls equals the rate of tunnel closure due to the weight of the overlying ice. The driving force 
for this closure is a small difference in pressure between the overburden pressure and the water pressure in the 
conduit. As the tunnel walls melt, sediment in the ice is released into the water. This can overload a stream in a short 
distance, initiating deposition of an esker. We think the stream building the esker is small compared with the size of 
the esker (Fig. 3), and is held on top of the esker by tunnel closure rates that are higher near the base of the esker. 
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 a.         b. 
 
Figure 3.  a. Subglacial stream held on top of an esker by the higher closure rate of ice at the base of the esker. 
(Modified from Hooke, 2005, Fig. 8.28).  b. Esker in mouth of conduit in Aktineq Glacier, Nunavut, Canada, 
showing stream sliding off top of esker. Photo by W. W. Shilts; used with his permission. 
 

Where the ice is thin, near the ice sheet margin, tunnel closure rates are low and are unable to keep the stream 
on top of the esker. Here, streams commonly slide off the esker on one side or the other (Fig. 3b) and start forming a 
subsidiary esker subparallel to the parent (Fig. 4).  Stone (1899) referred to these sections of eskers as reticulated; 
Hooke (2005, p. 240f) calls them esker nets (See Fig. 13). 

 
Figure 4.  Sketch of small daughter esker diverging from and later rejoining its parent esker.  Based on photographs 
and field observations in Atnedalen, Norway. (From Hooke, 2005, Fig. 8.29). 
 
Flutes 
 

Introduction 
  
Flutes are enigmatic geomorphic features of glacial landscapes. While they obviously reflect ice flow directions, 

certain aspects of their formation are less clear. There appear to be two basic varieties of flute: small and large. 
Small flutes were perhaps first described by Gilbert (1904). They are generally 0.2–2 m high and are frequently 
observed extending downflow from boulders lodged in the forefields of active glaciers (e.g. Benn, 1994). They tend 
to be uniformly tapered, and disappear after a few tens of meters. 
   
 Large flutes (the largest are called “megaflutes,” or “megalineations”) were apparently first noted by Tyrrell 
(1896). They typically have heights of a few to a few tens of meters, wavelengths (the transverse distance between 
ridge crests) of tens to hundreds of meters, and lengths of several kilometers. Bluemle et al. (1993) found that the 
stoss ends of many large flutes in North Dakota begin at thrust blocks which rise to the same height or slightly 
higher than the flute. The thrust blocks are chunks of Paleocene sandstone, a few tens of meters long and 2 to 4 m 
thick. Over much of their length, large flutes are not tapered. In Maine, we are concerned chiefly with these. 
 
 Isolated flutes are commonly flanked by troughs (Fig. 5) (e.g. Benn, 1995). It is generally inferred that the 
troughs are erosional, and that the material eroded from them was moved diagonally into or up onto the flute. 
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Figure 5.  Schematic flow pattern of deforming till into cavity in lee of boulder. (Modified from Benn, 1994, Fig. 
9). 
 

Origin 
  

One is tempted to infer that flutes are initiated by the obstructions (e.g. boulders or thrust blocks) often observed 
at their up-ice ends (Fig. 5), but such obstructions are not always apparent. Perhaps boulders can be removed by ice 
flow after flute formation, or perhaps the obstruction was a block of frozen till. Alternatively, perhaps such 
obstructions are not necessary for flute formation. This would be quite interesting.  

    
Evidence for lateral flow of till into both small (Rose, 1989; Benn, 1994) and large (e.g. Jones, 1982) flutes has 

been provided by till fabric studies. The fabrics show a herringbone pattern, converging downflow. It has been 
inferred that the flow was a response to development of a cavity in the lee of an obstruction and was driven, in part, 
by shear imparted by the ice. High pore-water pressure weakened the till so it could flow.  

 
Bluemle et al. (1993) found extensive evidence for such viscoplastic flow of till into a particularly long (27 km) 

large flute in North Dakota. Backhoe trenches across the flute revealed laminated silt and clay (lake deposits); 
gravelly sand, silt, and clay (till); and sandstone blocks derived from the bedrock. The lake sediments were 
commonly highly contorted. Some blocks, however, were not contorted; “intricate, essentially undisturbed bedding” 
was preserved in these. These blocks may have been frozen when emplaced. 

  
Morris and Morland (1976) carried out an elegant theoretical analysis of flute formation. They found that the 

maximum stress driving flow of till into a cavity increased as the level of the till rose in the cavity. Thus, once 
stresses became high enough to initiate flow, a cavity of modest size would fill completely. In cavities more than a 
meter or so high, however, the greater density of the till (compared with the ice) prevented complete filling.   

  
Why are large flutes long and uniform in height? 
 
Fluidized till is denser than ice, so the stable geometry, if till were a Newtonian fluid, would be one in which the 

till formed a flat sheet under the ice. Thus, one might expect flow of till into a cavity to diminish as the ice, moving 
away from the initial obstruction, gradually closed the cavity.   

 
Till, however, is a Bingham fluid with a finite yield stress. Morris and Morland (1976, p. 318) suggested that 

this would result in a limit, on the order of a meter, in the heights of flutes that could be formed by squeezing of till 
into a cavity. The stresses in higher flutes would exceed this yield stress, and the flute would collapse to the limiting 
height. Once at the limiting height, stresses would be below the yield strength and the till would “lock up,” forming 
a continuation of the initial obstruction. A cavity would continue to form downflow from the locked-up till. This 
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could lead to very long small flutes of quite uniform height. Such flutes are not observed; instead, small flutes are 
normally tapered.  

 
A weakness of Morris and Morland’s model is that once the till comes into contact with the cavity roof they set 

the pressure on it equal to the ice overburden pressure. It seems likely, instead, that the bridging effect of a cavity’s 
arched roof will reduce the stress that the ice exerts on the till, thus allowing much higher flutes to develop. 

  
Alternatively, Bluemle et al. (1993, p. 23) suggest that once in the cavity, till may lock up because the pore-

water pressure in the lee of the obstruction is dissipated, increasing the till strength. Pore pressures might be reduced 
by dilatant hardening (Iverson et al., 1998), a process in which dilation increases the void space and thus decreases 
pore-water pressure.  

 
DEGLACIATION AND ICE-MARGINAL DEPOSITS 

 
The coastal moraine belt 
 

Moraine ridges in Maine’s coastal lowland typically stand 1–10 m above the surrounding land surface, and are 
tens to hundreds of meters long. The smaller ones may be only 6–15 m wide, while some of the large stratified 
moraines found in eastern coastal Maine are more than 100 m across and can have lengths measured in kilometers. 
The Maine deglaciation chronology of Borns et al. (2004) suggests that the moraine belt was deposited between 
about 14,400 and 13,000 14C yr BP (~17.6–15.6 cal ka). These authors applied a reservoir correction of -600 years to 
the marine shell samples on which much of their coastal chronology was based. However, Thompson et al. (2011) 
obtained a correction of -1000 years based on dating of juxtaposed spruce logs and marine shells at the Mercy 
Hospital site in Portland. Application of this larger reservoir value, as proposed by Thompson et al. (in prep.), would 
bring the coastal Maine deglaciation chronology into closer alignment with the North American Varve Chronology 
elsewhere in New England (Ridge et al., 2014). 

 
The moraines were formed along an ice margin in contact with shallow marine waters. Exposures in shoreline 

bluffs and gravel pits have shown marine sediments interbedded with the distal portions of morainal deposits, 
providing conclusive evidence that the ice margin did in fact stand in the sea. Small moraines are known by various 
names such as “washboard moraines”, “De Geer moraines”, or simply “minor moraines”. We refer to them as De 
Geer moraines. They are composed mostly of till and are common in mid-coastal to southwestern Maine, including 
the Searsport area visited during this trip. They presumably formed in the winter, when the ice front stabilized or 
readvanced slightly. This activity is recorded by various deformation structures seen in pit faces. In some areas, 
meltwater issued from beneath the retreating glacier under a high potential gradient, carrying quantities of gravel, 
sand, and mud and forming large stratified moraines. Lodgement till is commonly plastered against the stoss sides of 
these moraines (Thompson, 2015). 

 
In clusters of De Geer moraines in the coastal zone, the spacing between moraine ridges has been reported to be 

76 m in the southwest (Bloom, 1960); 66–93 m (70 m ave.) in midcoast Maine (Jong, 1980); and 50 m east of 
Penobscot Bay (Thompson, 1982). However, moraine spacing “varies considerably” in areas where they do not form 
distinct clusters (Smith, 1982). Analysis of LiDAR data enables more quantitative and accurate assessment of 
moraine spacing and other spatial properties (e.g. studies by Bouvier et al. (2015) in Sweden, and by Ojala et al. 
(2015) in Finland). The first analysis of De Geer moraine clusters shown on Maine LiDAR imagery was carried out 
by Eusden (2014). He documented moraine spacings ranging from 111 to 186 m and varying with slope aspect.  

 
Hunter and Smith (2001) proposed that the “morainal banks” are annual features and thus provide a measure of 

deglaciation rates. They stated that the moraine spacing indicates retreat rates of 60–130 m/yr in southwestern 
coastal Maine, 80–130 m/yr in the midcoast region, and 50–125 m/yr in eastern Maine. We agree that the moraines 
are approximately annual and thus provide a measure of deglaciation rate. In the Penobscot Lowland, a rate of 150 
m/yr would be broadly consistent with 14C dates (Hooke et al., in press). However, owing to the low resolution of 
techniques available for dating glaciomarine sediments, together with the likelihood of double moraines when retreat 
rates were low and missing moraines when they were high, the annual formation model is approximate.  

 
Although the moraine ridges in southern Maine generally trend east to northeast, the marine-based tidewater 

glacier margin had a lobate shape. In some places, diachronous ice flow in neighboring ice lobes caused them to 
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overlap and produce cross-cutting moraines. Moraines and striations reveal that the glacier withdrew more quickly 
in certain coastal valleys. This probably occurred because of more rapid iceberg calving in the deeper water along 
the valley axes.  The result was that ice flow converged into the valleys from either side.  This process has been 
documented in the lower Penobscot River valley (e.g. Syverson and Thompson, 2008; Syverson and Olson, 2011), 
and in the lower Kennebec valley (Thompson, 2009a,b). 

 

 
 

Figure 6.  Schematic cross-section of ice-marginal glaciomarine deposits. From oldest to youngest, bedrock 
(bottom) is overlain by till (rocky pattern), sand and gravel (diagonal lines), delta topset gravel (circle pattern), and 
marine mud (Presumpscot Formation; dashed pattern). Diagram by W. B. Thompson. 
 
 Fans and deltas 
 

Where the glacier margin stood in the ocean and remained stationary for a time, perhaps for a few years, coarse 
sediments accumulated rapidly at the mouths of ice tunnels. These deposits formed mounds of sand and gravel 
called subaqueous fans on the sea floor (Fig. 6). In places where the ice margin stabilized for longer periods, the fans 
built up to the ocean surface and became flat-topped glaciomarine deltas. Unlike the huge delta of the Mississippi 
and those of many other modern rivers, these glacial deltas consist mostly of coarse-grained sand and gravel. They 
have been called “Gilbert deltas” in reference to G. K. Gilbert, who described deltas of this type that were deposited 
into ancestral Lake Bonneville in Utah during the cool, wet Pleistocene climate. 

A cross section through a typical marine delta reveals horizontal fluvial topset beds that overlie inclined foreset 
beds (Fig. 6). The topset beds were deposited in braided stream channels that shifted back and forth across the delta 
surfaces. These beds usually consist of coarse gravel. The foreset beds are composed of finer-grained sand and 
gravel that reached the ends of the channels and cascaded down the face of the delta. One can determine the 
approximate position of local relative sea level when the delta was built by measuring the elevation of the contact 
between the topset and foreset beds. 

Thompson et al. (1989) identified, named, and described 101 glaciomarine deltas in Maine, and additional 
deltas have since been discovered through the MGS surficial geology mapping program. Of the deltas examined for 
the 1989 study, 69% are ice-contact deltas, 26% are “leeside deltas” (deposited in the lee of ridges protruding above 
sea level), and only 5% are valley outwash deposits built into the sea at some distance from the ice margin. 
Examples of the first two categories will be seen on this trip at Stops 1, 4, and 5. 

 
THE PENOBSCOT BAY PROBLEM 

 
In informal conversations, glacial geologists have pondered whether a calving bay developed in the ice sheet 

margin as the Laurentide Ice Sheet retreated across the Penobscot Lowland. Margin retreat by calving is generally 
considerably faster than by melting alone, and is faster in deeper water, so this is an eminently logical suggestion. 
Syverson and Thompson (2008) measured striations and small craig-and-tail features in the vicinity of Bangor and 
found good evidence for a remarkable late-glacial change in ice-flow direction from about N-S to roughly WNW-
ESE within a couple of kilometers of the Penobscot River. The craig-and-tail features were interpreted to indicate 
westerly ice flow east of the river and easterly ice flow west of the river, suggesting a calving bay. The bay was 
inferred to be less than 2 km wide at that point.  
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Northeast of Bangor, however, the Katahdin esker veers to the southeast out of the Penobscot Lowland and 

across a range of hills (Fig. 7). According to our present understanding (e.g. Fig. 2a), this would only have occurred 
if the ice-surface slope were roughly parallel to the trend of the esker. This ice sheet topology had to exist 
throughout the time that the NW-SE trending part of the esker was deposited. As the esker was likely formed in 
segments 5–10 km long extending up-ice from the glacier margin, this slope must have persisted as the ice retreated 
across this part of the Lowland. This limits the extent of any calving bay at Bangor. 

 
LiDAR imagery from either side of Penobscot Bay reveals many small De Geer moraines. Some of these are 

shown schematically in Figure 7. These moraines suggest that ice flow was to the S and SSE across Penobscot Bay, 
and do not provide support for a calving bay. If the SSE orientation becomes more southeasterly further north, it 
would, however, provide an explanation for the course of the Katahdin esker across the range of hills shown in 
Figure 7. Thus, it seems likely that any calving bays that developed were local and short-lived, and did not 
significantly affect the overall northward retreat of the ice across the Lowland. 

 

 
 

Figure 7.  Map of southern part of Penobscot Lowland. Light gray shading shows area below marine limit. Short 
(red) lines show approximate orientations of De Geer moraines. 

 
LATE-GLACIAL MARINE SHORELINES 

 
As relative sea level fell, every place below the upper marine limit was “shorefront property” at some point in 

time. Wave-washed sands and gravels at the marine limit are most likely beach deposits, but at lower elevations it is 
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often hard to determine whether such materials formed along the shoreline or slightly offshore in shallow water. So 
in many cases the latter deposits are shown on geologic maps as “marine nearshore deposits”.  

A few paleoshorelines can be seen on air photos as linear zones where the bedrock has been stripped bare by 
wave attack. Each of these shorelines follows the contour of the land, having developed when local sea level was at 
a particular elevation. However, most are subtle features that are not readily apparent on air photos, so it is 
enlightening to see the many shorelines – both high-stand and regressive – that have been revealed by LiDAR 
imagery. 

Figure 8 shows a striking LiDAR expression of moraines and a paleoshoreline near the east side of Penobscot 
Bay. A wave-cut scarp extends completely around Grey Ridge, outlining an island that existed during the high stand 
of sea level. This unusual image also reveals contrasting types of moraines above and below the marine limit. The 
moraines deposited in the sea exhibit a pattern and spacing that is typical of many other swarms of moraines in 
coastal Maine. However, the subaerial moraines on Grey Ridge show a dense pattern with short narrow ridges 
having less continuity and a slightly different orientation than those below the marine limit. Thompson (2011) 
illustrated a remarkably similar situation on Demuth Hill in Waldoboro. Past field studies have shown relatively few 
moraines above the marine limit in southern Maine, so further work is needed to understand the glacial processes 
responsible for the relationships seen here.   

 
Figure 8. Lidar image of moraines (east-west ridges) and a paleoshoreline (upper-center) in Penobscot, Maine. The 
shoreline is at the upper limit of marine submergence and completely surrounds Grey Ridge. The area seen here is 
~3.2 km across in E-W direction. 

Shoreline deposits derived from till usually consist of angular, poorly sorted gravel that was not transported and 
abraded to any great extent. Those formed on submarine fans and deltas have better-rounded gravel and a higher 
percentage of sand inherited from their parent material. The latter type is apt to exhibit good shoreline morphology 
because it developed on material that could be eroded more quickly than till. Prominent wave-cut scarps can be seen 
on the seaward faces of some glaciomarine deltas such as the Searsport delta (Stop 1). 

ROAD LOG 

Meeting point:  Assemble at 8:30 AM in the parking lot at East Belfast School. If you are driving from the 
south on coastal Route 1, turn L on Route 141 (Swan Lake Avenue) just after crossing the bridge over the 
Passagassawakeag River in Belfast. The East Belfast School is located on your left, just 0.15 mile up the road (#14 
Swan Lake Ave.). It takes at least 1.5 hours to reach Belfast from NEIGC headquarters in the Bath area, via U.S. 
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Route 1 and the Route 90 shortcut from Warren to Rockport. Come prepared with your lunch, water, etc. There will 
be one short walk in the woods; all other stops are easily accessed by car. The trip will progress westward and end 
around mid-afternoon. All stops are on private property, and permission must be obtained from the owners for any 
future visits! 
 
Mileage  Note that cumulative mileages given here may differ from those shown on your odometer, due to variations 
in driving around pit areas, but the distances between stops are generally accurate. 
 
0.0 Turn L out of school parking lot and go N on Rte. 141. 
0.9 Turn R on Back Searsport Road. 
2.6 Turn R on Skinner’s Pit Road. Drive past houses and park in gravel pit. 
 
STOP 1.  SEARSPORT DELTA AND MARINE SHORELINE (Skinner Pit, Belfast; Searsport Quadrangle). 
 

   
 
Figure 9.  LiDAR image showing the locations of Stops 1-3 and some of the features discussed in the text.  Triangle 
marks site of former pit exposure where the Searsport delta topset/foreset contact elevation was surveyed (Fig. 10).  
Area covered by this image is ~5 km across in E-W direction. 

 
The Searsport delta is an ice-contact delta, having formed at the mouth of an ice tunnel. The path of the tunnel 

is now indicated by a chain of gravel pits in the esker that extends north from the northwest corner of the delta (Fig. 
9). This esker is part of an esker system that has been traced discontinuously northward to the Newburg area, SW of 
Bangor. The LiDAR image in Figure 9 shows a prominent shoreline scarp at the marine limit. The scarp passes 
through Stop 2 and continues completely around the seaward edge of the delta and the higher till area to the north, 
outlining what was an island just after glacial retreat from this area. Figure 9 also shows a small area of regressive 
shorelines to the east of the pit at Stop 1.  
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Pits excavated in this delta in the past are only 3-6 m deep (Thompson and Locke, 2013), suggesting that the 

deltaic sand and gravel is thin in comparison to other Maine deltas of similar surface extent. The depth of past 
workings, however, may have been limited by the water table, as some recent sand and gravel extraction has 
occurred from ponds in the pit complex. The till seen on the hillside just north of the delta is a lodgement deposit 
and probably extends southward beneath the delta at a shallow angle, in which case the downward movement of 
ground water would be restricted by the low permeability of the till. 

 
The pit at this stop is located in the proximal part of the Searsport delta. A bedrock outcrop was formerly 

exposed next to the pit access road, where there is now a small pond. Striations on the ledge surface indicated glacial 
ice flow toward the SE (143°). The present pit face shows very coarse, poorly sorted pebble-boulder gravel with 
weak sub-horizontal bedding. Boulders up to at least 1 m are present. This gravel is interpreted to be part of the 
topset (glaciofluvial) portion of the delta. A deeper exposure at the south end of the pit shows dipping planar-bedded 
sand and gravel interpreted as foreset beds. Thompson (2014c) examined other workings SW of here, in the distal 
part of the delta, where the material is finer grained and relatively well sorted and stratified. Many exposures in the 
latter area show either foreset beds or (near the seaward rim of the delta) sand and gravel interpreted to be a 
shoreline deposit resulting from reworking of deltaic sediments. 

 
The delta study by Thompson et al. (1989) includes a surveyed elevation of 89.3 m (293 ft) for what was 

thought to be the contact between topset and foreset beds in the Searsport delta. In 1993 Thompson re-examined the 
part of the delta south of today’s stop and found a prominent meltwater channel on what was then a blueberry field 
on the delta plain. The channel was 2 m deep, “hundreds of feet long” (WBT field notes), and trended SSE across 
the delta to the point where it was intersected by a fresh pit face. The section through the axis of the channel floor 
exposed ~ 1 m of coarse topset gravel overlying 30 cm of silt-sand-pebble gravel interpreted as a slack-water 
deposit. The silt resembled fine-grained deposits found along topset/foreset contacts in other deltas, and may have 
been a tidal facies. A second pit nearby revealed a topset/foreset contact, with both units being coarse gravel (Fig. 
10). A precise survey of this contact yielded an elevation of 91.0 m (298.4 ft), which is thought to be the best record 
of late-glacial relative sea level in the Searsport area. The survey site is shown on the surficial geology map by 
Thompson (2014c). 

 

 
 

Figure 10.  Pit face exposing subtle contact between topset (top) and foreset (bottom) units in the Searsport delta.  
The line marks the contact. Photo taken in 1993 by W. B. Thompson. 

 
In past years, gravel pits have also revealed excellent exposures of shoreline features on the edge of the 

Searsport delta. Figure 11 shows marine gravel deposited on a wave-cut platform along the seaward delta margin.   
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Figure 11.  Pit face on SE corner of Searsport delta, showing marine shoreline or nearshore gravel unconformably 
overlying eroded delta foreset/bottomset sand beds with large-scale water escape structures. Photo taken in 1984 by 
W. B. Thompson. 
 
2.8 Exit Skinner’s Pit Road and turn R on Back Searsport Road. 
3.8 Turn L into Mt. Hope Cemetery and drive to far end of cemetery property. 
 
STOP 2.  FLUTED TILL SURFACE AND MARINE SHORELINE (Searsport; Searsport Quadrangle).   
 

The clearing in the cemetery property shows a good example of a long, low flute. The flute extends 1.5 km 
NNW from here (Fig. 9). The raised marine shoreline seen on the LiDAR image (Fig. 9) crosses the entrance to the 
cemetery road.  Here the shoreline is subtle and could easily be overlooked if LiDAR were not available.  Rounded 
stones are present where a small brook intersects the cemetery road on what appears to be the shoreline terrace.  
Based on observations along other raised marine shorelines in coastal Maine, coarse gravel is likely to occur in 
places like this, where till has been eroded by wave action. 

  
4.2 Exit Cemetery road and turn L on Back Searsport Road. 
4.4  Bear R at jct., staying on main road (which here becomes Prospect Street). 
5.4 Turn R on U. S. Route 1. 
6.0 Turn R on Cobb Road. 
6.4 Turn around at end of Cobb Road, where pavement ends, and head back toward Route 1. 
6.5 Park carefully on R shoulder of Cobb Road. Don’t block driveways. 

 
STOP 3.  SEARSPORT MORAINES (Searsport; Searsport Quadrangle). 
 

This brief stop will give you an opportunity to see one of the De Geer moraines. Depending on the number of 
cars, we may first drive across a couple of the moraines before we turn back and walk out on one. It is easy to see 
how moraines like this were missed by earlier mappers lacking LiDAR images. De Geer moraines in Maine are 
commonly asymmetric. Submarine examples like this one tend to be steeper on their proximal sides, likely owing to 
ice push on the proximal side and submarine-fan type deposition on the lee side. Subaerial De Geer moraines tend to 
be steeper on their distal sides owing to an ice-dozer effect forcing material to tumble down a distal angle-of-repose 
slope.  
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6.7 Turn R onto U. S. Route 1 and go W, back to Route 141 in East Belfast. 
10.7 Turn R onto Route 141 north. 
17.0 Swanville settlement. Stay on Route 141, driving along W side of Swan Lake. 
21.7 Take sharp L turn onto Back Books Road (no sign!). 
21.9 Continue straight ahead at jct., going onto Dickey Hill Road (gravel road; no sign) 
22.1 Turn L on Curtis Road (no sign). 
22.7 Turn R onto gravel access road with sign for Michael Tripp Construction / Thompson Pit. 
22.9 Park in Thompson Pit. 
 
STOP 4.  IRISH HILL DELTA (Thompson Pit, Monroe; Brooks East Quadrangle).   
 
 

 
 

Figure 12.  LiDAR image showing locations of Stops 4 and 5 on the Irish Hill delta in Monroe. The area shown 
here is ~3.2 km across in E-W direction. 
 

This gravel pit is located in the distal part of the Irish Hill delta (Fig. 12). The delta wraps around higher areas 
of till and bedrock that were islands during the high stand of sea level. It is a good example of a leeside delta, having 
formed where glacial meltwater issued from the gap between Irish Hill and Clement Hill (Thompson et al., 1989). In 
this case the feeder stream was subglacial, as indicated by a discontinuous esker ridge that passes through the gap 
and ends near the proximal margin of the delta. There must have been at least a tongue of ice extending seaward 
between the hills when the esker formed, but the hills themselves reach elevations of 649–810 ft (well above the 
marine limit) and would have been at least partly ice-free by the time the delta was deposited.   

 
There is a prominent and unexpected kettle between the esker terminus and the delta. Does this kettle simply 

mark a chance persistence of dead ice between the larger hills to the NW and the paleo island to the SE? Or did the 
kettle form by erosion at the site of a submerged jet (ice-marginal glacial “fountain”), the velocity of which was high 
owing to a high potential gradient at the end of the ice tunnel? 
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The Thompson pit exposes ~10–15 m of section in the delta topset and foreset beds. The topsets consist of up to 

~2 m of massive, poorly sorted, pebble to boulder gravel. The underlying foresets are planar-bedded sand to cobble 
gravel and dip up to 30° toward the E to ESE. A recent fresh face in the SE corner of the pit showed a lateral 
truncation of the coarse topset gravel by finer-grained sand to pebble gravel in the seaward direction. The latter unit 
may be a reworked deposit formed by marine shoreline processes. Thompson et al. (1989) surveyed the 
topset/foreset contact in this pit and obtained an elevation of 96.0 m (315 ft) for local relative sea level when the 
delta was deposited.  

  
23.1 Exit pit road and turn L on Curtis Road. 
23.7 Take sharp L turn onto Dickey Hill Road (no sign). 
24.3 Turn L into gravel pit (across from Mt. Solitude Cemetery) 
 
STOP 5.  JAMES TRIPP PIT (Monroe; Brooks East Quadrangle). 
 

This is an optional stop that we may visit if time permits. It is a small gravel pit located in a slightly more 
proximal part of the Irish Hill delta relative to Stop 4 (Fig. 12). The excavation has exposed up to about 6 m of 
coarse gravel including boulders to 1 m in diameter. Many of the boulders are subangular to angular, so probably 
have not been transported far. The topset/foreset contact is indistinct, but in 2013 the upper SE side of the pit 
showed ~2.4 m of reasonably definite topsets consisting of massive, poorly sorted pebble-boulder gravel and minor 
sand. The SSW side exposed similar coarse gravel, but with faint bedding and interbedded pebbly sand. The latter 
material was thought to be part of the foreset unit.  
24.6  Exit Tripp Pit and turn R on Dickey Hill Road. 
25.3   Jct. with Back Books Road. Continue straight ahead, returning to Route 141. 
25.6  Turn L on Route 141 and go north. 
~27  Watch for Doak Farm on R. Over the next 0.3 mi. several NNE-trending moraines can be seen in fields on  
  both sides of Route 141. They are prominent on LiDAR but do not appear in the topo map contour pattern! 
27.6  Monroe village. Turn L on Route 139. 
31.2  Park carefully on R shoulder of road. 
   
STOP 6.  BASIN POND ESKER NET (Monroe; Brooks East Quadrangle). 
 

Starting from Route 139, we will follow a woods trail NW along the crest of one of the esker ridges and observe 
its connections to other ridges in an anastomosing esker net (Fig. 13). The individual ridges in the vicinity of this 
stop are generally narrow and less than 10–15 m high. They are concealed by forest cover and are not evident on 
topographic maps.  

 
 
Figure 13.  Close-up of SE part of Fig. 14, showing ridges comprising the esker net (center to lower right) at Stop 6.  
Route 139 crosses the esker system in the lower right part of image. 
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 Smith and Thompson (1986) showed a single esker in this area during reconnaissance geologic mapping of 
the Brooks 15-minute quadrangle. They may not have recognized the complexity of the esker net, but in any case 
they were limited in what could be depicted at the small scale of the published map. 
 
Continue SW on Route 139. 
 
31.5 Turn R on Pattee Road (gravel; sign faces W, so is not readable until you turn!). 
32.6 Turn R on Pattee Road Ext. 
32.9 Turn around at wide driveway entrance on L and park carefully on R (N) shoulder of road. A few cars can 
park on sides of driveway entrance area, but do not block this driveway! 
 
STOP 7.  HASKELL HILL MELTWATER SCOUR ZONE (Monroe; Brooks East Quadrangle). 
 

Hillshade lidar images of the Brooks E-W and Unity quadrangles show two principal types of landscape above 
the marine limit: irregular areas of rough bedrock-controlled topography alternate with glacially smoothed, fluted till 
surfaces. The metamorphic bedrock in the N and W parts of the area is characterized by prominent NE-trending 
strike ridges oriented transverse to the SE flow of the Laurentide Ice Sheet during the last glacial maximum. 
Lodgement till was plastered against the proximal sides of these ridges, reaching thicknesses locally exceeding 40 m 
and producing smooth and often fluted surfaces. Meltwater channels cut into upland till surfaces, as well as scattered 
moraines, glaciomarine deltas, and subaqueous fans below the marine limit, collectively record the recession of the 
Laurentide Ice Sheet margin from the area. 

 
Zones of erosion by subglacial meltwater – referred to here as scour zones – were revealed by the LiDAR 

imagery during surficial geologic mapping of the Brooks East and West quadrangles for the Maine Geological 
Survey (Thompson, 2014 a,b; Thompson and Hooke, 2014). One of the best examples occurs in the vicinity of this 
stop. The meltwater scour zones are generally parallel to regional S to SE-trending esker systems. On LiDAR 
imagery they appear as linear, often sharply-bounded, areas where most of the till cover has been eroded away. This 
process resulted in distinctive ribbed topography transverse to the glacier flow direction and reflecting the NE-
trending structural grain of the underlying bedrock. The ribbed topography is especially noticeable where subglacial 
streams crossed bedrock strike ridges and incised the smooth till slopes that mantle the proximal sides of the ridges. 
The areas from which till was stripped are larger than typical subaerial meltwater channels and probably reflect a 
distributed subglacial stream system consisting of anastomosing broad low water courses (Fig. 1).  

 
The scour zones may be as much as several kilometers long and 200 to at least 1400 meters wide. Their points 

of origin are not readily apparent on the LiDAR imagery. They typically begin in a diffuse area of bedrock-
controlled topography encompassing much of the N and NW parts of the study area. This is consistent with a 
distributed, arborescent stream system with individual channels being braided and with discharges increasing 
downglacier.  A thin patchy till cover usually remains over much of the scour zones.   

 
In places the scour zones converge on rock-floored saddles (gaps) on bedrock ridges, consistent with Shreve’s 

(1972) model of the pattern of subglacial hydraulic potential contours described above (Fig. 2a). At the present stop 
on Pattee Road Extension, there are several channels cut into bedrock where glacial meltwater crossing the local 
saddle abruptly plunged downslope to the SE. Meltwater abrasion features occur on rock surfaces associated with 
the channels at this stop. A small narrow chute – seen just SE of the road – has smoothed undercut walls. Quartz 
veins are common in the bedrock here, and the knobby surfaces of some of these veins have likewise been worn 
smooth by sediment-laden streams. 

 
As described above (Fig. 2), scour on the proximal sides and crests of bedrock saddles is predicted by the 

increase in hydraulic potential gradient resulting from ice flow against adverse slopes. Eskers commonly occur on 
the distal sides of such saddles, in some cases forming anastomosing networks (esker nets) that are characteristic of 
parts of esker systems formed near a glacier margin.  A good example of one of these esker nets was seen at the 
previous stop.  
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Figure 14.  Lidar image of Haskell Hill meltwater scour zone (upper left) and esker net (lower right) in NW part of 
Brooks East quad.  Stop 7 is located in center of image. 
 

The processes and length of time involved in formation of the scour zones, and their relationship to esker 
deposition, are poorly understood. Our rough calculations suggest that many may have formed in a couple of 
decades. Subglacial channels cut into bedrock are rare. This is probably due to the high sediment loads common in 
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subglacial streams (due to melting of dirt-bearing ice in conduit walls), together with frequent shifting of stream 

courses. The high sediment loads result in deposition (eskers) rather than erosion.  

 

End of trip.  If heading southbound on I-95, you can drive west from our last stop on Route 139, go 28 miles/40 

minutes, and pick up the Interstate in Fairfield. 
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MIDDLE ORDOVICIAN TO EARLY SILURIAN TERRANES OF THE NORTHERN CASCO BAY 
REGION, MAINE 

 

By 
 

David P. West, Jr., Department of Geology, Middlebury College, Middlebury, Vermont (dwest@middlebury.edu) 
*Arthur M. Hussey II, Department of Geology, Bowdoin College, Brunswick, Maine 

 
It is with a heavy heart that I will be leading this field trip without my mentor, colleague, and friend Arthur Hussey 
who passed away on July 26, 2016*.  Arthur began detailed field studies in the area immediately south of 
Brunswick, Maine in the summer of 1963, two years after his initial appointment at Bowdoin College.  In 1965 he 
led a NEIGC field trip through the area based on the results of his early mapping and his accompanying NEIGC 
guidebook article contained numerous hand-drafted geologic maps detailing relationships at individual stops 
(Hussey, 1965).  Arthur continued mapping in the area through the late 1960’s and this work culminated in 1971 
with the publication of his classic geologic map of the Orrs Island 7.5’ quadrangle (GM-2) by the Maine Geological 
Survey (Hussey, 1971).  Arthur loved sharing his knowledge of the geology in northern Casco Bay and when one 
includes instructional trips with students over his teaching career at Bowdoin College, he literally led hundreds of 
field excursions through the area.  Additionally, he always encouraged others to join him in his studies of the area 
and numerous detailed investigations completed with his assistance have yielded important findings on metamorphic 
(Lang and Dunn, 1990; Daniel and Spear, 1998; Spear and Daniel, 2001), structural (Swanson, 1992; 1999a,b), 
thermochronologic (West et al, 1993; West and Roden-Tice, 2003), and igneous (Tomascak et al., 1996a, b; 
McHone et al., 2014) processes.  Although his interpretations of the geologic history of the region evolved over the 
years with new findings, his 1971 map remains an accurate representation of the spectacular geology exposed along 
the northern shores of Casco Bay.  Thank you Arthur for all of your hard work, and for sharing your love and 
passion for all aspects of the geology of southwestern Maine.   
 

 
Arthur M. Hussey II at his home in Bowdoinham, Maine (Summer, 2012) 
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INTRODUCTION 
 

This field trip provides an opportunity to explore deformed and metamorphosed stratified rocks within three 
different lithotectonic terranes exposed in the northern Casco Bay region of Maine.  Each of these terranes 
(Falmouth-Brunswick sequence, Casco Bay Group, and East Harpswell Group) contains a wide variety of 
complexly deformed sedimentary and volcanic rocks that have been metamorphosed to amphibolite facies 
conditions.  Hussey et al. (2010) interpreted all of these rocks to have been deposited in association with an evolving 
Middle to Late Ordovician volcanic arc/back-arc sequence built on a fragment of non-North American crust (a 
portion of the peri-Gondwanan Ganderia terrane).  The field guide that follows will highlight the stratigraphy of the 
individual lithotectonic belts, and introduce aspects of the structural geology, metamorphic petrology, and plutonic 
rock history preserved in the bedrock of the northern Casco Bay region.  

 

As mentioned above, Arthur Hussey first began working in the area of this field trip in the early 1960’s.  His 
first formally published ideas on the stratigraphy, structure, and age relationships of the rocks exposed in Casco Bay 
were in the classic “Billings Volume” on northern Appalachian geology (Hussey, 1968).  It is safe to say that the 
geologic relationships in this region were never far from his mind over the next 50 years.  His final published views 
on the geology can be found in Hussey et al. (2010) where detailed regional relationships are presented, and in 
Hussey (2015) which presents a comprehensive overview of the geology of southwestern Maine for the educated 
layperson.  Those interested in exploring the geology of the region are encouraged to refer to these publications, as 
well as the 1:24,000 scale geologic maps of Hussey (1971), and Hussey and West (in review).  Hussey et al. (1971) 
illustrates relationships on the Harpswell peninsula, and Sebascodegan, Orrs, and Bailey islands, while Hussey and 
West (in review) portrays relationship in the Brunswick, Topsham, and Cooks Corner areas.   

  

 Hammers should not be used on any of the outcrops described in this guidebook article.  Not only do we want to 
preserve these sites for future study and teaching, but nearly all of the geologic features exposed at these localities 
are enhanced by weathering processes and so fresh surfaces produced by hammering rarely provide better 
observations.  Please note that many of the stops on this field trip are located on private property, and arrangements 
to visit these sites apply only to this specific trip.  Later access to these locations is not implied and future visits will 
require permission of landowners prior to visiting. 

 
GEOLOGIC SETTING 

 

 The stratified rocks exposed in the northern portions of Casco Bay can be divided into four tectonostratigraphic 
sequences based on similarities in the ages and types of rocks exposed within each belt (Fig. 1).  From west to east 
these include (1) Late Ordovician (?) to Silurian metasedimentary rocks of the Central Maine belt, (2) Ordovician 
metasedimentary and metavolcanic rocks of the Falmouth-Brunswick sequence, (3) Ordovician metasedimentary 
and metavolcanic rocks of the Casco Bay Group, and (4) Late Ordovician to Early Silurian metasedimentary and 
metavolcanic rocks of the East Harpswell Group.  A brief summary of each of these belts is provided below, but the 
reader is referred to Hussey and Berry (2002), and Hussey et al. (2010; 2016) for the details of rock types present, 
constraints on protolith ages, and interpretations of the contact relationships between the different belts.  Note that 
subsequent to original deposition, all of these stratified rocks were complexly deformed, metamorphosed to upper 
greenschist - amphibolite facies conditions, and intruded by a diverse range of igneous rocks. 
 

 Hussey et al. (2010) and Hussey (2015) provide a discussion of possible tectonic environments associated with 
the original formation of the stratified rocks in an actively evolving middle Paleozoic oceanic setting between 
Laurentia on the western side and a peri-Gondwanan terrane called Ganderia on the eastern side (directions relative 
to present day coordinates).  Summarizing from this work and illustrated in Figure 2, sedimentary rocks of the 
Central Maine basin (derived largely from Laurentian sources to the west) and Merrimack-Fredericton basin 
(derived largely from Ganderian sources to the east) are separated by Ordovician volcanic arc/back-arc rocks of the 
Falmouth-Brunswick sequence and Casco Bay Group (FBCB arc of Hussey et al., 2010).  Volcanic activity 
continued into earliest Silurian time as represented by rocks of the East Harpswell Group.  Eventually, continued  
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Figure 1a. Generalized geologic map of the field area.  Map legend and schematic cross section are on the next 
page.  Map based on the work of Hussey (1971), Hussey and Marvinney (2002), and Hussey and West (in review). 
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Figure 1b.  Schematic cross-section along A-A’ from the map on the previous page. 
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convergence between Laurentia and Ganderia in Late Silurian time led to the head-on collision of these crustal 
blocks, with the intervening sedimentary basins and volcanic arc/back arcs becoming deeply buried, complexly 
deformed, metamorphosed, and periodically intruded by magmas. 
 

 The Late Silurian–Early Devonian orogenic activity derived from the largely head-on collision of Laurentia 
with various peri-Gondwanan terranes was followed by a long period of time (Late Devonian to Permian) dominated 
by right-lateral transcurrent tectonism.  This resulted in both widespread penetrative ductile dextral shear 
deformation (Swanson, 1992; 1999a,b; 2016), and more localized zones of brittle strike-slip faulting associated with 
the Norumbega fault system (Hussey, 1988).  Kuiper (2016) has recently suggested this period of dextral 
transpression was initiated in response to the subduction of an oceanic ridge and associated transform fault.  
Regardless as to the tectonic causes, during the Permian rocks to the west of the Flying Point fault were 
metamorphosed to amphibolite facies conditions (West et al., 1993) and intruded by granitic pegmatites (Tomascak, 
1996a,b; West and Cubley, 2006). 
 

 Thermochronological studies of rocks exposed on opposite sides of the Norumbega fault system in the Bath-
Brunswick area reveal a significant time-temperature discontinuity that persisted across the structure into Mesozoic 
time (West et al., 1993).  Differences in apatite fission track ages in this region are likely the result of kilometer-
scale east-side-down vertical displacement along this portion of the Norumbega fault system in Late Cretaceous time 
(West and Roden-Tice, 2003).  In addition to this Mesozoic faulting, numerous fine-grained mafic dikes of 
Mesozoic age can be found throughout the field area.  Although most of these dikes are less than a few meters wide, 
the Christmas Cove dike is up to 30 meters across (Hussey, 1971).  40Ar/39Ar ages from this dike (in McHone et al., 
2014) indicate an emplacement age of about 200 Ma which is similar to ages from other dikes and basaltic lava 
flows in the Central Atlantic Magmatic Province (CAMP).  This period of intense mafic magmatism has been linked 
to the mass extinction event near the Triassic-Jurassic boundary (Schoene et al., 2010; Blackburn et al., 2013).       
 

 

  
 

Figure 2. Schematic diagram from Hussey (2015) showing the hypothesized tectonic setting in southwestern Maine 
in Early Silurian time.  Note that earlier subduction towards the southeast in Ordovician time produced volcanic arc 
(Falmouth-Brunswick sequence) and back-arc (Casco Bay Group) deposits associated with the FBCB arc which was 
built upon a fragment of Ganderia.  Silurian sediments derived from ancestral North America were deposited 
northwest of the FBCB arc (Central Maine belt) and Silurian sediments derived from Ganderia were deposited 
southeast of the FBCB belt (Kittery and Bucksport fms. of the Merrimack and Fredericton belts, respectively).      
 
Tectonostratigraphic Belts 
 

Central Maine belt 
The Central Maine belt contains a thick Late Ordovician (?) to Early Devonian assemblage of metamorphosed 

wacke, shale, and minor limestone (Osberg, 1988) that underlies much of central portion of the state.  This field trip 
is along the eastern margin of this wide belt and includes undifferentiated rocks of the Vassalboro Group 
(Marvinney et al., 2010) – mostly thin-bedded biotite granofels with lesser amounts of calc-silicate granofels and 
rusty weathering schist.  The original sediments were deposited in latest Ordovician to Early Silurian time and 
presumably derived from a Laurentian source region to the west (Hussey et al., 2010).   
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Falmouth-Brunswick sequence 
Metamorphosed Ordovician aged sedimentary and volcanic rocks of the Falmouth-Brunswick sequence in the 

Brunswick-Topsham area consist of the Nehumkeag Pond and Mount Ararat formations.  These units, first 
introduced by Hussey (1985), were initially included in the Casco Bay Group (Hussey, 1988).  Hussey and Berry 
(2002) later separated these rocks from the Casco Bay Group and lithologies correlated with the Falmouth-
Brunswick sequence have now been mapped continuously from Falmouth to just north of Brooks, Maine – a 
distance of over 125 kms.  All of the units included within the Falmouth-Brunswick sequence have been interpreted 
to represent deformed and metamorphosed rocks associated with Ordovician arc and back-arc volcanic activity (the 
FBCB volcanic arc complex of Hussey et al., 2010).   

 

The Nehumkeag Pond Formation is dominated by felsic gneisses and granofels, but locally mappable members 
north of Topsham include amphibolite, pelitic schist, rusty schist, and impure marble.  These rocks have been 
interpreted to represent metamorphosed volcanic rocks and volcanogenic sedimentary rocks deposited in association 
with an evolving arc to back-arc tectonic setting (Hussey et al., 2010).   Hussey at al. (2010) report a U-Pb SHRIMP 
zircon age of 472 ± 7 Ma obtained from a felsic gneiss collected from the Nehumkeag Pond Formation in the 
Brunswick 7.5’ quadrangle.  These authors interpret this age to reflect the timing of felsic volcanism. 

 

The Mount Ararat Formation consists of thin (< 10 cm) alternating layers of dark gray amphibolite and light 
gray felsic gneiss and granofels.  These layers have been interpreted to represent alternations of mafic and felsic 
volcanic material (ash?).  Mapping to the north of Topsham shows these rock types occur at different stratigraphic 
levels within the Nehumkeag Pond Formation (West and Cubley, 2006).  Hussey et al. (2010) report a U-Pb 
SHRIMP zircon age of 471 ± 6 Ma from a felsic granofels layer within the Mount Ararat Formation which they 
interpret to represent the age of timing of felsic volcanism in the unit.      
 
Casco Bay Group 
 The Casco Bay Group consists of a conformable sequence of metavolcanic and metasedimentary units of 
Middle to Late Ordovician age.  Although not all of the individual formations are present everywhere along strike, 
rocks assigned to the Casco Bay Group can be found continuously along a 150 km long northeast-trending belt 
extending from the Portland area to the south, through to just south of Bangor (see Osberg et al., 1985).  Mapping by 
Hussey (1971) has shown that all formations of the Casco Bay Group (Cushing, Cape Elizabeth, Spring Point, 
Diamond Island, Scarboro, Spurwink, and Jewell) are present on Harpswell Neck.  All of these rocks have been 
interpreted to represent volcanism and associated sedimentation in a back-arc tectonic setting influenced by 
Ganderian crust (West et al., 2004; Hussey et al., 2010; Hussey, 2015).  Whole rock geochemical signatures and 
detrital zircon age populations are supportive of a correlation between the Casco Bay Group in Maine and the 
Bathurst Supergroup in the Miramichi belt of New Brunswick (West et al., 2004, 2008). 
 

 The Cushing Formation, the oldest unit in the Casco Bay Group, is dominated by metamorphosed felsic to 
intermediate volcanic rocks. U-Pb SHRMP zircon age of 465 ± 4 Ma has been interpreted to represent the eruptive 
age (Hussey et al., 2010).  The Wilson Cove member of the Cushing Formation is a distinctive metamorphosed iron- 
and manganese-rich lithology that West et al. (2008) have interpreted to represent a mixture of hydrothermal 
exhalatives and peri-Gondwanan terrigenous clastic sediment.  The overlying Cape Elizabeth Formation, the most 
laterally persistent formation within the group, is a metasedimentary unit dominated by interbedded mica schist and 
quartz-feldspar rich granofels.  The metavolcanic Spring Point Formation overlies the Cape Elizabeth and a 469 ± 3 
Ma U-Pb zircon age from felsic volcanic rocks in this unit (Tucker et al., 2001) support a Middle to Late Ordovician 
age for the Casco Bay Group.  Relatively thin metasedimentary formations (Diamond Island, Scarboro, Spurwink, 
and Jewell) make up the upper part of the Casco Bay Group.    
 
East Harpswell Group 
 The East Harpswell Group contains, from oldest to youngest, the Yarmouth Island, Bethel Point, and 
Sebascodegan formations (Hussey and Berry, 2002).  These units were originally mapped as members of the 
Cushing Formation (Hussey, 1971), however unpublished U-Pb zircon ages from the Yarmouth Island Formation 
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(referred to in Hussey and Berry, 2002) are 20 million years younger than the age of the Cushing Formation.  This 
age discrepancy necessitated separating the Yarmouth Island, Bethel Point and Sebascodegan units from rocks of the 
Casco Bay Group and creating the East Harpswell Group.  Hussey et al. (2010) and Hussey (2015) suggest rocks of 
the East Harpswell Group represent a younger period of volcanism (Early Silurian) associated with a subduction 
polarity reversal beneath the earlier formed FBCB volcanic arc complex. 
 

 The Yarmouth Island Formation is dominated by metamorphosed felsic to intermediate volcanic rocks.  The 
presence of orthoamphibole+cordierite+staurolite assemblages in some rocks within the unit are suggestive of sea-
floor alteration prior to metamorphism.  The overlying Bethel Point Formation is a distinctive strongly rusty 
weathering schist.  The Sebascodegan Formation, the upper-most unit in the group, is dominated by calcareous 
metasedimentary rocks, including mappable members of both pure and impure marble.       
 
Contacts between the Tectonostratigraphic Belts 
 The contact between rocks of the Central Maine belt and Falmouth-Brunswick sequence has been the subject of 
controversy for decades (conformable, unconformable, thrust fault).  Unfortunately, relationships in the greater 
Brunswick area do not shed light on the issue.  However, it should be noted that structural styles and the conditions 
of metamorphism do not change across the boundary in this region and thus juxtapositioning of these belts via a 
“late structure” can be ruled out.  Further research will be required to discern whether rocks of the Vassalboro Group 
were conformably or unconformably deposited directly on rocks of the Falmouth-Brunswick sequence, or whether 
an early pre-metamorphic thrust fault is responsible for their current juxtaposition. 
 

 The Flying Point fault of the Norumbega fault system separates the Falmouth-Brunswick sequence from the 
Casco Bay Group.  Both late Paleozoic ductile dextral shear deformation (Swanson, 1992; 1999a), and Mesozoic 
brittle dip-slip displacements (West et al., 1993; West and Roden-Tice, 2003) have been associated with the Flying 
Point fault.  In addition to forming the boundary between these two sequences, the Flying Point fault also marks an 
abrupt change in structural style (see below), and thermal history (Fig. 3).  Rocks east of the Flying Point fault last 
experienced high-grade metamorphism in the Late Devonian and had cooled below ~ 200oC by the end of the 
Paleozoic.  In stark contrast, west of the Flying Point fault, rocks last experienced high-grade metamorphic 
conditions in the Permian and did not cool below ~ 200oC until 50 to 75 m.y. after those to the east.  The findings 
are consistent with the rocks currently juxtaposed along Flying Point fault having experienced radically different 
metamorphic and structural histories in middle to late Paleozoic time, and radically different thermal histories 
persisted until the Late Cretaceous.  Final juxtapositioning and contemporaneous cooling of the Falmouth-
Brunswick sequence and Casco Bay Group did not occur until after the Cretaceous and was accomplished through 
significant displacement along the Flying Point fault.     
 

 The contact between the Casco Bay Group and the East Harpswell Group has been interpreted to be a pre-
metamorphic thrust fault based on differences in the ages of the rocks in the two sequences (~ 465-470 Ma for the 
Casco Bay Group and ~ 445 Ma for the structurally underlying East Harpswell Group).  This thrusting may have 
been associated with the Boothbay thrust to the east which juxtaposes rocks of the Casco Bay Group with those in 
the Fredericton Trough (Hussey and Berry, 2002).  
 
Plutonic Rocks 
 Intrusive igneous rocks ranging in age from Middle Devonian to Early Jurassic can be found in the greater 
Brunswick area.  These rocks can generally be divided into four general groups based on crystallization age and 
their relationships to deformational and metamorphic events.  These include, from oldest to youngest:  
 

(1) Middle Devonian tonalitic to dioritic rocks of the Hornbeam Hill gneiss exposed to the north of Topsham 
along the contact between the Central Maine and Falmouth-Brunswick belts (West and Cubley, 2006).  An 
igneous crystallization age of 393 ± 4 Ma from the Hornbeam Hill gneiss (Gerbi and West, 2007) is 
important because the intrusion seals the contact between the two stratigraphic sequences AND it contains 
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relatively flat fabrics (see below) that are associated with the deformation that is prevalent on the western 
side of the Flying Point fault.  

(2) Late Devonian granites and granitic pegmatites that are particularly abundant east of the Flying Point fault 
in the area around and south of Bath (Hussey and Marvinney, 2002).  Both the larger mappable bodies and 
the smaller pegmatite have mineral assemblages (accessory muscovite and/or garnet ± tourmaline) that 
suggest peraluminous granitic compositions. The larger of these bodies have elongate map patterns that are 
concordant with fabrics preserved in the surrounding stratified rocks, and most of these rocks contain a 
weak to moderate foliation.  Although radiometric ages are not available from these rocks, their apparent 
syn-kinematic relationships to dated Late Devonian deformational and metamorphic events in the area 
(West et al., 1993) are strongly suggestive of Late Devonian emplacement. 

(3) A generally north-northeasterly trending belt of Permian aged granite (Brunswick granite of Tomascak et 
al., 1996), and distinctive graphic texture pegmatites are found west of the Flying Point fault in the 
Brunswick, Topsham, and Bowdoinham areas.  The pegmatite intrusions, up to several hundred meters 
across, tend to be found in elongate north to northwest trending bodies within the Falmouth-Brunswick 
sequence (West and Cubley, 2006; Hussey and West, in review).  Many of these pegmatite bodies have 
been the sites of past, relatively small-scale quarrying activity, mainly for feldspar (Shainin, 1948; 
Cameron et al., 1954), but beryl, and Nb-Ta oxides are present in many (Francis, 1987).  Tomascak et al. 
(1996) report U-Pb monazite ages ranging from 268-275 Ma for pegmatites in the Topsham area, 
suggesting a Permian age of intrusion. 

(4) Post-deformational, relatively narrow, fine-grained, mafic dikes of Mesozoic age can be found throughout 
the northern Casco Bay region.  Petrographic examination of selected samples reveals microphenocrysts of 
orthopyroxene set in a finer grained matrix of plagioclase, clinopyroxene, and magnetite.  40Ar/39Ar whole 
rock ages from the largest of these dikes, the Christmas Cove dike (McHone et al., 2014), are ~ 200 Ma and 
suggest many of these small-scale intrusions are Late Triassic to Early Jurassic in age.                           

 

 
 

Figure 3.  Previously determined 40Ar/39Ar (West et al., 1993) and fission track (West and Roden-Tice, 2003) 
mineral ages reveals a major time-temperature discontinuity across the Flying Point fault in the Brunswick-Bath 
area.  The thermochronology indicates throughout the Late Paleozoic, Mesozoic, and Early Cenozoic, a significant 
thermal contrast existed in the rocks currently juxtaposed across the Flying Point fault, suggesting significant 
displacement (km-scale) along the Flying Point fault must have occurred within the last 100 million years.   
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Structural Geology 
 The style of folding and associated ductile deformational structures in the greater Brunswick area differs 
dramatically on either side of the Flying Point Fault (see cross-section in Fig. 1b, and the fabric data in Fig. 4).  
Stratified rocks exposed west of the Flying Point fault are dominated by moderately east-dipping foliation, moderate 
northeast plunging mineral lineations, and recumbent to gently inclined minor folds.  Swanson (1999a, b) suggested 
the relatively flat structures west of the Flying Point fault are consistent with an episode of northwest directed 
thrusting associated with late Paleozoic dextral transpression in the Casco Bay restraining bend of the Norumbega 
fault system.  In stark contrast, east of the Flying Point fault, stratified rocks are dominated by steep east dipping 
foliation, subhorizontal mineral lineations, and upright to steeply inclined minor folds.  At a larger scale, this style of 
folding is responsible for the distribution of map units across the peninsulas of the northern Casco Bay region (i.e., 
the map-scale Hen Cove, Harpswell Sound, and Merepoint folds of Hussey, 1971).   
 

 In addition to these earlier episodes of folding and associated fabric development, the rocks east of the Flying 
Point fault have been subjected to significant ductile dextral simple shear deformation (Swanson, 1992; 1999a; this 
volume).  Dextral shear deformational features (e.g., shear bands, asymmetric folding, asymmetric boudinage, etc.) 
are both widely distributed across the region east of the Flying Point fault, and also concentrated into high strain 
zones (Swanson, 1992; 1999a, 2016).  Swanson (1999b; 2016) has attributed this dextral shear deformation to have 
been associated with a restraining-bend geometry that developed in late Paleozoic time along the Norumbega fault 
system in the Casco Bay area. 
 

 
 

Figure 4. Equal area stereographic projections of representative fabric data from stratified rocks west (A) and east 
(B) of the Flying Point fault in the Brunswick area. Data from Hussey (1971) and Hussey and West (in review).  
 
 
Metamorphism 
 The conditions of metamorphism recorded in stratified rocks of the northern Casco Bay region vary 
significantly and an abrupt change is present across the Flying Point fault.  It should be noted that while peak 
metamorphic temperatures vary, pressures are believed to have been consistently below that of the Al2SiO5 triple 
point for all of the metamorphism recorded in the area (i.e., low pressure, or Buchan metamorphism).  West of the 
Flying Point fault in the Falmouth-Brunswick sequence and Central Maine belt, the rocks are extensively 
migmatized and metamorphosed to upper amphibolite facies conditions.  40Ar/39Ar hornblende cooling ages from 
rocks of the Falmouth-Brunswick sequence indicate the last cooling below amphibolite facies conditions occurred in 
the Permian (West et al., 1993). 
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 Peak metamorphic temperatures recorded in rocks east of the Flying Point fault in the Casco Bay and East 
Harpswell groups varies considerably.  These rocks, particularly in the Orrs Island and Harpswell Neck areas have 
been the subject of several detailed metamorphic studies (Dunn and Lang, 1988; Lang and Dunn, 1990; Grover and 
Lang, 1995; Dunn and Spear, Daniel and Spear, 1998; Spear and Daniel, 2001).  Here, a single episode of low 
pressure metamorphism (2 to 3 kilobar) increases in intensity from southwest to northeast, from garnet zone in the 
southern parts of Harpswell Neck to sillimanite zone in the northern parts of Orrs Island and adjacent Sebascodegan 
Island (Hussey 1971; Dunn and Lang, 1998).  40Ar/39Ar hornblende ages from this area are Late Devonian and 
indicate the time of cooling following this low pressure metamorphic event (West et al., 1993).  Lang and Dunn 
(1990) indicate this metamorphism was largely synchronous with the major episode of regional deformation (i.e., 
upright folds and associated steeply dipping foliation) in the area.            
 

SUMMARY OF THE TECTONIC HISTORY OF THE NORHTERN CASCO BAY REGION 
 

 The earliest recorded activity preserved in the bedrock underlying the northern portion of Casco Bay is Middle 
Ordovician volcanism and associated sedimentation preserved in the Falmouth-Brunswick sequence.  Hussey et al. 
(2010) suggested this volcanic activity was the result of the eastward subduction of oceanic lithosphere beneath a 
fragment of non-North American crust (an isolated sliver of Ganderia) within an ocean basin east of Laurentia - 
referred to by these authors as the Merribuckfred Basin. Subduction continued during the latter part of the 
Ordovician and eventual spreading behind the FBCB arc led to the volcanism and sedimentation that is preserved in 
the Casco Bay Group.  In the Early Silurian, the polarity of subduction reversed and volcanism and sedimentation 
associated with the East Harpswell Group resulted in the deposition of rocks proximal to the FBCB arc/back-arc 
complex (Fig. 2).  Additionally, during the latest Ordovician and into the Silurian, thick accumulations of sediment 
derived from both Laurentian sources to the west (Central Maine basin sediments) and Ganderian sources to the east 
(Merrimack and Fredericton basin sediments) were deposited and eventually buried the older arc sequence. 
 

 Beginning in Late Silurian time, the convergence of Laurentia and Ganderia led to the closing of the 
Merribuckfred Basin, and widespread orogenesis associated with the Acadian orogeny began (Bradley et al., 2000; 
Tucker et al., 2001).  In the northern Casco Bay area this began with the thrust faulting of the Casco Bay rocks over 
the East Harpswell Group, obscuring their original contact relationships.  This was followed in Middle to Late 
Devonian time by abundant folding and fabric development associated with compressional deformation, as well as 
regional low pressure metamorphism, and granite intrusion.  Later in the Paleozoic, tectonic stresses became 
transpressional and ductile dextral shear features and brittle strike-slip faults developed in the Casco Bay area in 
association with the regionally extensive Norumbega fault system (Swanson, 1992; 1999a).  West of the Flying 
Point fault, this lead to burial, high-grade metamorphism, and intrusion of granitic magmas (West et al., 1993; 
Tomascak et al., 1996).  Finally, in the Mesozoic, stresses became extensional prior to the opening of the North 
Atlantic Ocean basin and this resulted in decompression melting at depth and localized intrusions of mafic dikes that 
were likely feeding basalt flows in nearby basins (McHone et al., 2014).  Later in the Mesozoic, kilometer scale dip-
slip displacement along the Flying Point fault led to the final juxtaposition of the Falmouth-Brunswick sequence and 
Casco Bay Group, and resulted in the contrasting structural styles and thermal histories seen across this structure at 
the present erosional surface (West and Roden-Tice, 2003).                       
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ROAD LOG 
 

Meeting point: (UTM: 0421490 m E, 4865335 m N: NAD 27) The 8:30 am meeting point for the field trip will be 
at the Hannaford Supermarket parking lot at the Topsham Fair Mall in Topsham, Maine.  This is located just off I-
295 at exit 31 (Rt. 196 East) in Topsham.  After exiting I-295, proceed East on Rt 196 East towards Topsham and 
turn right almost immediately onto the Topsham Fair Mall Road at the McDonalds restaurant.  The Hannaford 
Supermarket will on the right about 150 meters from McDonalds and we will convene in the northeastern corner of 
the parking lot (away from the grocery store) for a brief overview of the trip.  Note all GPS coordinates listed in this 
field guide are NAD 1927 datum.   
 
Mileage 
0.0 Depart the Hannaford grocery store parking lot and turn right onto Topsham Fair Mall Road  
0.8 Turn left onto Park Drive (note signs for “Goodwill”). 
0.9 Turn right into the Goodwill Parking lot and proceed to the east side of the parking lot where large road-cut 

exposures are found. 
 
Stop 1: NEHUMKEAG POND FM. OF THE FALMOUTH-BRUNSWICK SEQUENCE IN TOPSHAM. 
 (0421492 m E, 4864505 m N). 
 

 These relatively freshly blasted exposures provide great examples of rocks that are representative of the 
Nehumkeag Pond Formation of the Falmouth-Brunswick sequence.  Additionally, the outcrop displays fabrics that 
are characteristic of rocks immediately west of the Flying Point fault (see Fig. 4a).  Exposures here are dominated by 
plagioclase-quartz-biotite gneisses, occasional layers that also contain muscovite, garnet, and sillimanite, and cross-
cutting pegmatite dikes.  Rusty weathering, sulfidic muscovite schist, a common subordinate rock type within the 
Nehumkeag Pond Formation, can be found at the southern end of the exposure.  These rocks have been interpreted 
by Hussey et al. (2010) to represent metamorphosed volcanogenic sedimentary rocks associated with the early 
(Middle Ordovician) development of the FBCB volcanic arc on a sliver of Ganderian crust.   
 

 Compositional layering and the dominant foliation within the gneisses is oriented approximately N35oE, 35oSE, 
and most foliation surfaces show a strong mineral lineation that gently rakes towards the northeast.  This pervasive 
fabric can be found over a large area west of the Flying Point fault in rocks of both the Falmouth-Brunswick 
sequence and adjacent Central Maine belt.  Swanson (1999b) interpreted these fabrics to represent northwest 
directed thrusting associated with dextral transpression related to a restraining bend along the Norumbega fault 
system in late Paleozoic time (Swanson, 1999b).  Return to vehicles and return to the Topsham Fair Mall Road. 
 
1.2 Turn left on Topsham Fair Mall Road 
1.3 Turn left into parking lot and park next to outcrops on the east side. 
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Stop 2: RECUMBENT FOLDS IN THE FALMOUTH-BRUNSWICK SEQUENCE. 
 (0421435 E, 4864302 N). 
 

 The exposure in the blasted wall of this parking lot reveals a relatively thick (10’s of meters thick) amphibolite 
within the Nehumkeag Pond Formation which is interpreted to represent metamorphosed mafic igneous rock within 
the unit.  However, the most prominent aspect of this exposure are the spectacular recumbent folds that are 
representative of the folding style on the western side of the Flying Point fault in this region.  In addition, the rocks 
are cut by a late pegmatite that is likely Permian in age.  40Ar/39Ar hornblende ages from similar amphibolites nearby 
have ages that range from 265 to 295 Ma and indicate latest cooling below amphibolite facies condition did not 
occur until the Permian (West et al., 1993).  Note just above the outcrop is an old “working” within the pegmatite 
intrusion.  There are literally hundreds of these small scale “workings” scattered through a roughly north-south 
trending corridor between Topsham and Bowdoinham.  We will see larger scale quarrying activity in these 
pegmatites at the next stop.  Return to cars and return to the Topsham Fair Mall road.              
 
1.4 Turn right onto Topsham Fair Mall road. 
2.4 Intersection with Rt. 196, turn right and proceed east on Rt. 196. 
2.9 Intersection with Rt. 201, continue straight on Rt. 196 East. 
3.4 Turn left onto Village Drive and into the Highland Green subdivision 
4.2 Turn right into the parking lot of the Highland Green Community Center, park, and secure permission to 

access quarry exposures.  Parking lot is located at 0423458 m E, 4866147 m N.  Note the large blasted 
blocks of isoclinally folded mafic and felsic gneiss of the Mount Ararat Formation at the entrance to the 
Community Center.  Upon securing permission, walk back to Mountain Road (cross road just before the 
Community Center) and turn left (east).  Walk several hundred meters through a gate as the road becomes 
unpaved.  Walk another several hundred meters and abandoned quarries will be on the left (north)  

 
Stop 3: PERMIAN PEGMATITE QUARRY IN THE FALMOUTH-BRUNSWICK SEQUENCE. 
 (0423700 m E, 4866206 m N)   
 

 Significant mining of pegmatite bodies in the Topsham-Bowdoinham area began in the 1850’s (King and 
Ashton, 2009) and continued until the 1950’s. The principal economic interest in these rocks was white potassium 
feldspar for use in the ceramics industry and these pegmatites contain both large feldspar crystals and spectacular 
examples of the graphic intergrowth of feldspar and quartz.  In addition to the past mining activity, these pegmatites 
have been of keen interest to mineral collectors since the days of Bowdoin College Professor Parker Cleaveland in 
the early 1800’s.  Many museum quality specimens of garnet, beryl, topaz, columbite, uraninite, and other minerals 
have been obtained from these rocks (Francis (1995) provides an overview of the mineralogy).  Detailed 
investigations of the Topsham pegmatites were first made by Shainin (1948) and Cameron et al. (1954), and more 
modern geochemical and geochronological studies of these rocks have been presented by Tomascak et al. (1995a, 
b).  Tomascak and Francis (1995) provide a nice summary of the earlier work on these rocks, as well as options for 
field trips to other pegmatite bodies in the area.  Finally, Thompson et al. (2000, p. 378) provides a map showing 
over 30 different significant mineral localities in pegmatite bodies in the Topsham-Bowdoinham area.  
 

    This particular stop is in an old water filled quarry of the Consolidated Feldspar Company (#2) that operated in 
the Topsham area in the first half of the 20th century.  Although much of the original relationships are obscured, this 
particular pegmatite body is intrusive into rocks of the Falmouth-Brunswick sequence and is one of the largest in the 
area.  Tomascak et al. (1996a) report U-Pb monazite ages from the Topsham pegmatites range from 269-275 Ma and 
this Permian age of intrusion coincides with the timing of amphibolite facies metamorphism west of the Flying Point 
fault (West et al., 1993).  Detailed petrologic and geochemical studies by Tomascak et al. (1995 a, b) indicate 
peraluminous, REE-rich compositions, but accessory mineral assemblages are intermediate between those of the 
classically defined Niobium-Yttrium-Fluorine (NYF) and Lithium-Cesium-Tantalum (LCT) pegmatites (e.g., Cerný, 
1992).  Although finding gem quality specimens of exotic minerals requires significant patience, great examples of 
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extremely coarse grained muscovite and biotite are easily obtained – as are spectacular examples of quartz-feldspar 
graphic texture.  Walk back to vehicles and return to Rt. 196 via Village Road. 
 
5.0  Intersection with Rt. 196, Turn left (east) onto Rt. 196. 
6.2  Bridge over the Androscoggin River, get in the left lane and merge onto Rt. 1 north 
7.0 Crossing the Flying Point fault.  The rocks on the east side of the fault belong to a different stratigraphic 

sequence (Casco Bay Group), have a different structural style, and different thermal history. 
8.2 Exit onto Rt. 24 at Cooks Corner.  Immediately get in the left lane and prepare to turn left 
8.5 Turn left onto the Bath Road and proceed toward the east. 
9.3 Crossing the thrust fault contact between the Casco Bay Group (west) and East Harpswell Group (east). 
9.5  Turn right onto the Medical Center Drive at the entrance to the Midcoast Hospital. 
10.0 Turn right into the Employee Parking area and park (Area H employee parking lot). 
 
Stop 4: BETHEL POINT FM. OF THE EAST HARPSWELL GROUP AT MIDCOAST HOSPITAL. 
 (0428311 m E, 4861839 m N) 
  

 The freshly blasted exposures around the margins of the parking lot are very rusty-weathering quartz-mica-
graphic schist of the Early Silurian Bethel Point Formation of the East Harpswell Group.  This locality is in the axial 
region of the Hen Cove anticline and younger carbonate-bearing metasedimentary rocks of the Sebascodegan 
Formation can be found within a few hundred meters across strike on either side of this location.  Underlying meta-
volcanic rocks of the Yarmouth Island Formation are exposed to the south farther down the axial region of the 
plunging fold (Hussey, 1971).  Numerous granite sills up to several 10’s of meters across, presumably of Late 
Devonian age, generally underlie the high ground in the area.  Sillimanite can be found on some foliation surfaces 
and attests to the high-grade of Late Devonian metamorphism found here. Protoliths of this rock were probably 
black shales deposited in an anoxic basin.  Return to cars and return to the Bath road via Medical Center Drive. 
 
10.6 Turn left onto the Bath Road and drive back towards Cooks Corner 
11.5 Turn left onto Rt. 24 South. 
13.3 Pull over the side of the road adjacent to the low outcrops on the west side of the road. 
 
Stop 5: DYER COVE AMPHIBOLITE OF THE SEBASCODEGAN FORMATION ALONG Rt. 24. 
 (0426920 m E, 4859178 m N)   
 

 This will be a quick stop, mainly because it was one of Arthur’s favorite “petrologic outcrops” in the area 
(Hussey, 1965, Stop #4).  The rocks exposed in the low outcrops are thinly banded, carbonate-bearing amphibolites 
of the Dyer Cove member of the Sebascodegan Formation (uppermost unit of the East Harpswell Group).  The thrust 
fault contact (not exposed) between these rocks and older rocks of the Cape Elizabeth Formation is less than two 
hundred meters to the west of this location.  Arthur liked these rocks because thin sections from some layers contain 
three different amphiboles: hornblende, gedrite, and cummingtonite.  The association with these minerals with thin 
calc-silicate layers led Arthur to believe the protoliths of these amphibolites were impure carbonate rocks rather than 
mafic igneous rocks.  However, other amphibolites within the East Harpswell Group have a mineralogies and 
textures suggestive of mafic igneous origins.  Return to cars and continue south on Rt. 24.            
 
13.5 Note the low, light-colored outcrops on the east side of the road – which include a relatively pure marble 

layer over a meter thick.  Several relatively narrow north-south oriented trenches in the area attest to the early 
1800’s mining of thin marble horizons within the Sebascodegan Formation (Hussey, 2014).   

15.1 Cross bridge onto Sebascodegan Island 
20.2 Cross small bridge onto Orrs Island.  The route from here down to Orrs Island will be parallel to the strike of 

nearly vertically dipping schists and quartzites of the Cape Elizabeth Formation. 
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24.2 Pull into the unpaved parking lot on the right (west) side of the road immediately before the Bridge to Bailey 
Island. 

 
STOP 6:  SPRING POINT FORMATION OF THE CASCO BAY GROUP AT THE CRIBSTONE BRIDGE. 
 (0420437 m E, 4844412 m N) 
 

 The low dark colored outcrops immediately west of the bridge near the water’s edge are garnet-bearing 
amphibolites of the Spring Point Formation exposed along the eastern limb of the Harpswell Sound syncline 
(Hussey, 1971).  Abundant large stretched garnets can be found in many horizons (Beane and Prior, 2002), and 
beautiful “fish-mouth boudinage” structure (Swanson, 1992) within the amphibolite is also common.  Low relatively 
inconspicuous outcrops beneath the wall just to the north of this exposure are interlayered schists and quartzites of 
the underlying Cape Elizabeth Formation.  The contact between the two formations is exposed here, and again on 
the south end of the bridge (east side).  A better look at the Cape Elizabeth Fm. will be provided at the next stop.  
 

 The amphibolites of the Spring Point Formation are interpreted to represent metamorphosed mafic volcanic rocks 
and geochemical studies to the north indicate generation in a back-arc basin influenced by Ganderian crust (West et 
al., 2004).  Additionally a U-Pb zircon age of 469 ± 3 Ma obtained from felsic meta-volcanic rocks of the Spring 
Point Formation in south-central Maine have been interpreted to represent the age of this volcanism (Tucker et al., 
2001) in the Casco Bay Group. 
 
24.4 Cross the very narrow Cribstone Bridge to Bailey Island.  This historic bridge, constructed in the late 1920’s 

is one of only a few of this design in the world.  The granite pillars used to construct the bridge were obtained 
from quarries just north of the village of Yarmouth, Maine.  

25.9 Turn left onto Washington Ave. and proceed very cautiously as the road is very narrow 
26.1 Washington Ave. takes a hard right turn and Ocean St. begins.  At this intersection, park in the very small 

parking lot in front of the “All Saints by the Sea Episcopal Church” (except on Sunday mornings).  Walk due 
east down Ocean Street to the shore and proceed to the south (right) along exposures 

 
STOP 7: CAPE ELIZABETH FORMATION AT GIANT STEPS. 
 (Beginning of seaside outcrops = 0419990 m E, 4841704 m N) 
 

 The nearly kilometer-long stretch of beautiful sea-side exposures along the public path provide great 
opportunities for geological exploration and teaching!  The steeply dipping stratified rocks exposed here are 
interlayered mica schists and impure quartzites of the Cape Elizabeth Formation.  The schists contain both garnet 
and staurolite and the isograd map of Dunn and Lang (1988) indicates the location is just to the south (low-grade 
side) of the sillimanite isograd.  However, it should be noted that many of the quartz veins here contain pink 
andalusite and occasional sillimanite.  Close examination also reveals numerous small-scale isoclinal upright folds 
and examples of boudinage.   
 

 The namesake of this shoreline walk (Giant Steps) is formed due to the differential erosion of a cross-cutting 
three-meter wide Mesozoic mafic dike (with chilled margins).  Additionally, also cut by the dike, is a greenish-gray, 
talc-bearing sill within the stratified rocks.  Hussey (2015, p. 125) discusses other occurrences of this 
metamorphosed ultramafic rock type within the Cape Elizabeth Formation, but an explanation for their origins 
remains elusive (they’ve never been studied).  Return to vehicles and return to Rt. 24 via Washington Avenue.      
 
 
26.2 Intersection of Washington Ave. with Rt. 24.  Turn right onto Rt. 24 North. 
27.8 Cross the very narrow Cribstone Bridge, returning to Orrs Island. 
31.9 Cross bridge and return to Sebascodegan Island. 
32.4 Turn left onto Mountain Road (signs for Harpswell) 
33.2 Carefully pull over to the right side of the road in front of prominent outcrop 
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STOP 8 (OPTIONAL): CHRISTMAS COVE DIKE OF MESOZOIC AGE ON MOUNTAIN ROAD. 
 (0424332 m E, 4850702 m N) 
 

 This optional stop is intended for those interested in Mesozoic igneous activity as it provides an exposure of one 
of the largest dikes in New England.  The Christmas Cove dike (McHone et al., 2014), up to 35 meters in width, has 
been mapped discontinuously for nearly 200 kilometers across southern coastal Maine (e.g., see Hussey and Berry, 
2000).  Whole rock 40Ar/39Ar ages from the dike indicate a crystallization age near the Triassic-Jurassic boundary (~ 
200 Ma) and whole rock geochemistry suggests this and other large dikes in New England (e.g., Higganum dike in 
southern New England) were probably feeders to Mesozoic basin lava flows (McHone et al., 2014).  At this 
location, the exact width of the dike cannot be determined because it’s contacts with adjacent rocks of the Cape 
Elizabeth Formation cannot be observed.  Petrographic examination of the Christmas Cove dike here reveals micro-
porphyritic textures that include larger crystals of orthopyroxene set in a finer grained matrix dominated by 
plagioclase, clinopyroxene and Fe-Ti oxides.     
 
34.2 Cross bridge over to Harpswell Neck. 
35.0 Turn left onto Rt. 123 South. 
36.7 Turn right onto Lookout Point Road and proceed west. 
37.4 Road ends, park vehicles in the parking area opposite the boat launch.  Permission to visit the outcrops should 

be secured from the people who live in the house at the western tip of the point.   
 
STOP 9: CUSHING FORMATION, INCLUDING WILSON COVE MEMBER, AT LOOKOUT POINT. 
 (Parking area = 0420065 m E, 4850831 m N) 
 

 The outcrops of interest, Stop #9 of Hussey (1965, his figure reproduced below), are on the two islands just to 
the west of the boat launch and can be accessed, without getting wet, at low to mid-tide.  Be aware of the tidal cycle 
when visiting as the water rises quickly during the incoming tide, and you could find yourself stranded! 
 

 
 
Figure 5.  Hand-drawn map of Hussey (1965) showing the rock types exposed at Lookout Point (Stop 9) 
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 The light colored rocks on the islands are deformed and metamorphosed Ordovician volcanic rocks of the 
Cushing Formation.  These include what Hussey (1965; 2014) has interpreted to represent volcanic breccia, and 
tuffaceous rocks of felsic to intermediate composition.  The dark colored rocks exposed in the open synform on the 
northern of the two islands are metamorphosed iron- and manganese-rich rocks of the Wilson Cove member of the 
Cushing Formation (now garnet- and amphibole-rich granofels and gneiss).  Small islands offshore to the west in 
Middle Bay with the names “Irony Island”, “Black Rock”, and “Little Iron Island” have exposures of these same 
rocks (Hussey, 1971).  Detailed studies of the Wilson Cove unit farther to the north (West et al., 2008) indicate the 
protoliths represent a mixture of hydrothermal exhalatives and peri-Gondwanan terrigenous clastic sediment.  
Importantly, detailed work by Hussey at various locations around Casco Bay indicate a conformable contact 
relationship between the volcanic rock dominated Cushing Formation and the overlying meta-sedimentary rocks of 
the Cape Elizabeth Formation.  Return to cars and drive back to Rt. 123 via Lookout Point Road (the only way out).  
  
38.0 Turn right on to Rt. 123 South 
43.0 Arrive at Estes Lobster House (just before the narrow causeway.  Park in the unpaved parking lot on the left. 
 
STOP 10: JEWELL FORMATION IN SOUTH HARPSWELL. 
 (Parking area = 0418057 m E, 4843367 m N; Outcrop = 0418235 m E, 4843318 m N) 
 

 The outcrop of interest, Stop #8 of Hussey (1965), is located on the prominent point east of the parking area 
beyond the beach.  The rocks exposed here are well bedded, garnet-bearing phyllites of the Jewell Formation, the 
upper-most unit of the Casco Bay Group.  This locality is near the axial trace of the Harpswell Sound syncline 
(Hussey, 1971) – an upright, map-scale F2 fold that controls the distribution of various units within the Casco Bay 
Group on Harpswell Neck.  These pelitic rocks are in the garnet zone, immediately south of the staurolite-in isograd 
(Dunn and Lang, 1988).  Metamorphic conditions at the location have been estimated to be ~ 450-500oC at pressures 
of 2-3 kbars (Dunn and Lang, 1988; Daniel and Spear, 1998).  Several detailed studies aimed at understanding 
garnet nucleation and growth in metamorphic rocks have focused on the rocks here (Lang and Dunn, 1990; Daniel 
and Spear, 1998; Spear and Daniel, 2001).   
 

End of Field Trip 
Return to Brunswick via Rt. 123 North.  It is ~ 13 miles back to Brunswick, and ~ 15 miles back to Topsham. 
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INTRODUCTION 

 This field trip will provide opportunities to visit representative exposures of several prominent Late Silurian to 
Devonian plutonic rock bodies exposed in the mid-coastal region of Maine.  These stops will not only highlight the 
wide variety of intrusive rock types in the region, but it will also allow for discussions of their relationships to 
surrounding deformed metamorphic rocks and the constraints they provide on the geologic history of the region.  
Figure 1 provides a generalized geologic map of the region (with stop locations) and illustrates the spatial 
distribution of the major plutonic rock bodies and their relationships to the various lithotectonic belts they intrude.  
Importantly, although all the rocks visited on this trip were once pristine intrusive igneous rocks, overprinting 
deformational and metamorphic events have affected many of them and transformations into variably foliated to 
gneissic rock types are common.  Although more complex, these rocks can not only be investigated in terms of their 
original igneous origins, but they also provide constraints on the nature and timing of superimposed tectonic events.      

 The trip will proceed from east to west and will begin with stops in various intrusive rock bodies in and around 
the Waldoboro Pluton Complex (Sidle, 1990; Sidle, 1991; Sidle, 1993; Barton and Sidle, 1994).  These will include 
the Raccoon gabbro to the east of the complex, the South Pond porphyry, and quartz diorite, garnet-bearing granite, 
and two-mica granite phases of the Waldoboro Pluton complex.  The second half of the trip will provide 
opportunities to view strongly deformed rocks of the Lincoln syenite within the Haskell Hill granite gneiss, 
undeformed two-mica granite, multiple phases of the Blinn Hill plutonic complex, and finally the enigmatic 
Edgecomb gneiss. 

 We have two general goals for this field trip, both of which we hope will provide benefits to a wide variety of 
experience levels.  First, we will provide an opportunity to observe a wide variety of intrusive igneous rocks (granite 
to gabbro) that have been differentially affected by overprinting tectonic events (none to severe).  In this context we 
will observe different mineralogies and textures (both primary igneous and overprinting) and discuss how these 
rocks can be classified on an individual basis.  Secondly, we hope to place the various igneous rock bodies visited 
on this trip into a wider geologic context.  Specifically, how the magma forming events fit temporally and spatially 
into the wider tectonic evolution of this region.    

CLASSIFICATION OF IGNEOUS ROCKS 

 There are numerous methods used to describe and classify igneous rocks that range from very basic field 
identification using color, texture, and visible mineralogy, to extremely detailed classification by comparison of 
trace element composition obtained in the laboratory. The method of classification depends on the level of detail 
available. An initial observation of an igneous rock as light-colored or dark-colored starts the classification. Color 
can be misleading, as it depends on grain-size and weathering, however, a light-colored rock is assumed to contain 
high proportions of feldspar and quartz and is called felsic, and a dark-colored rock is assumed to contain minerals 
composed of magnesium and iron and is called mafic. Rocks with an in-between composition may be called 
intermediate. In addition, felsic rocks are less dense than mafic rocks, and this property can be observed in the field 
simply by hefting a hand-sample. 

 Texture is also an important field observation. Very fine-grained igneous rocks are aphanitic and more coarse-
grained rocks, where minerals are visible to the unaided eye, are phaneritic. Geologists commonly use texture to 
infer the cooling history of the magma, with fine-grained rocks indicative of fast cooling, and thus potentially 
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extrusive, and coarse-grained varieties indicative of slower cooling and thus intrusive. Textures with two dominant 
grain sizes, where coarser-grained minerals (phenocrysts) are embedded in a finer-grained matrix or groundmass, 
are called porphyritic, and this texture hints at a more complex crystallization history. Coarse-grained igneous rocks 
have the potential to display a wide range of textures too numerous to list here, several of which will be seen on this 
trip. 
 
 Phaneritic (intrusive) igneous rocks are generally classified and named by their modal mineralogy; that is, the 
volume percentage of major minerals identified at the outcrop or seen in thin section. The relative proportions of 
quartz, alkali feldspar, plagioclase, feldspathoids, and mafic minerals, and the texture of the igneous rock (whether 
the rock is intrusive or extrusive), dictate which mineralogical classification diagram should be used. The 
International Union of Geological Sciences (IUGS) recommends using the double ternary QAPF diagram (Quartz – 
Alkali feldspar – Plagioclase – Feldspathoid) if the mafic minerals are less than 90% of the rock (M < 90%). If M > 
90%, the mafic minerals are used to classify the rock utilizing other ternary diagrams (not presented here).  When 
appropriate, rock types in this field trip have been classified using the QAP diagram (none of these rocks contain 
feldspathoids) as defined by Le Maitre and others (2002); results are shown in Figure 2 and discussed below with 
each stop.   
 
 If bulk rock chemical compositions are available, igneous rocks may be classified by their chemistry. There are 
dozens of methods employed when analyzing the geochemistry of igneous rocks; we present only a few examples 
here. Chemical classification might be based on binary variation diagrams (also called Harker diagrams), where the 
weight percent of one elemental oxide is plotted against another, commonly silica. The TAS diagram uses the total 
alkali (Na2O + K2O) content against silica (SiO2) content on the x-axis, and although it is particularly useful for 
extrusive igneous rocks, it may be used to determine the chemically-equivalent intrusive rock as well (Le Bas and 
Streckeisen, 1991).  Granites may be classified based on their Al2O3 content as peraluminous (Al2O3 > [CaO + Na2O 
+ K2O]), metaluminous (Al2O3 < [CaO + Na2O + K2O] and Al2O3 > [Na2O + K2O]), or peralkaline (Al2O3 < [Na2O 
+ K2O]). Again, where appropriate and where available, the chemical composition of rocks on this field trip have 
been plotted on a TAS diagram as defined by Le Maitre and others (2002); results are shown in Figure 3 and 

Figure 1: Simplified regional geologic map with field trip stops. 
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discussed below for each stop.  Mineral modes and chemical analyses assembled from various researchers are 
provided in Table 1. 
  
 The chemistry of igneous rocks can further be used to help infer the tectonic setting of magma formation. 
Diagrams used for this purpose are often called tectonic discriminant diagrams and are based on the recognition that 
rocks of certain composition may be associated with specific tectonic regimes. Generally, these diagrams involve the 
use of trace elements and are specific to felsic or mafic intrusions. Kurt Hollocher at Union College in New York 
has assembled a terrific website with examples of many discriminant diagrams, and has also made spreadsheets 
available to help other researchers easily plot their geochemical results (Hollocher, 2016). 

 
GEOLOGICAL CONTEXT 

 
 The plutonic rocks between Waldoboro and Richmond have intruded within and across a few key terranes along 
the coast of Maine. Starting in the west, near stops 8 and 9 of this trip, is the Ordovician Casco Bay Group (which 
correlates with the Liberty-Orrington-Miramichi thrust sheet [Reusch and van Staal, 2012]). The Boothbay thrust 
places this older terrane on the remains of the Silurian Fredericton trough (Hussey and Marvinney, 2002). The 
Sennebec Pond fault (or an older thrust, see field trip A3 in this guide) juxtaposes rocks of the Fredericton trough 
against the Cambrian-Ordovician St. Croix belt at the eastern edge of this field trip area. The ages of the igneous 
intrusions span the Late Silurian and Devonian time periods and roughly correspond to the Acadian orogeny. 
Cooling ages from various minerals in the plutonic rocks post-date igneous crystallization and are generally 
Carboniferous to Permian. A summary of the ages of the rocks visited during this trip may be found in Table 2. 
  
 The sites visited during this field trip have been previously studied to differing degrees, and it is the hope of the 
authors that this overview will inspire further study. There are several geologic puzzles that have been solved using 
the igneous dates and cross-cutting relationships of the plutons visited in this trip, and there are still several more 
puzzles to be solved. A question of some significance that has been addressed using pluton ages and metamorphism 
is the timing and nature of the Sennebec Pond fault (see field trip A3 in this guide). The Waldoboro Pluton is 

Figure 2: QAP diagram for those samples in Table 1 with modal mineralogy reported in the literature. 
Labels indicate the stop number, with “n” indicating modal mineralogy from Newberg (1979) for stops 
2 and 3. 
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interpreted to cut the fault at the northeastern margin of the pluton body, which constrains the age of the fault to 
older than Late Devonian (Waldoboro granite zircon age of 368 ± 2 Ma, Tucker and others, 2001). Additionally, the 
Waldoboro granite is relatively undeformed, and this implies that ductile deformation in the region was also 
complete before the emplacement of the pluton. A hornblende cooling age of 369.0 ± 3.7 Ma obtained in the Benner 
Hill Formation between the Waldoboro Pluton and the Raccoon gabbro suggests that thermal metamorphism was 
complete by the time of pluton emplacement, as this date is essentially the same as the age of the pluton (West and 
others, 1995). However, the relationship among the plutonic bodies interpreted to be part of the Waldoboro Pluton 
Complex is ambiguous, based on comparison of previous studies (Newberg, 1979, versus Sidle, 1990) and the 
authors’ own (brief) field observations. Tucker and others (2001) show that the West Rockport fault, a northeast-
trending, high-angle fault that juxtaposes the Oyster River gneiss against the Megunticook Formation, also cuts the 
Waldoboro Pluton Complex on the northeast side, right near the contact of the Waldoboro two-mica granite and the 
South Pond porphyry, which further confuses the relationship among the Waldoboro units. Of the several units 
mapped in the Waldoboro Pluton Complex, only the youngest body, the undeformed two-mica granite seen at Stop 
5, has been dated. More detailed work in the area could provide a clearer geologic history.  
 
 Tucker and others (2001) undertook an enormous geochronologic study that crosses this field trip area. Their 
work produced 25 U-Pb age dates along a transect of the terranes shown in Figure 1. Of interest for this field trip, 
the study provided crystallization ages for the Waldoboro two-mica granite, the Haskell Hill granite gneiss, the 
Lincoln syenite, and the Blinn Hill granodiorite, and these dates have been used to constrain the ages of deformation 
in the region. West and others (2003) observed that the Lincoln syenite cut map-scale, isoclinal folds in the 
Washington 7.5’ quadrangle, while another dated pluton, the Lake St. George granitic gneiss of approximately 422 
Ma, contained foliation consistent with isoclinal folds in adjacent stratified rocks of theCasco Bay Group. West and 
others (2003) interpret this relationship of folds to plutons to place the deformation between 422 and 418 million 
years ago.  
 
 The Haskell Hill gneiss, dated at 408 Ma, intrudes the Lincoln syenite and contains xenoliths of the Lincoln 
(which we will see on Stop 6). The gneiss is strongly foliated. The Haskell Hill also yielded a sphene age of 

Figure 3: Total alkali-silica (TAS) diagram for those units in Table 1 with bulk rock geochemistry available 
in the literature. Labels represent stop numbers. 
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approximately 381 Ma, which Tucker and others (2001) interpret as the age of the event that transformed the 
Haskell Hill into gneiss and created the pervasive foliation observed at the outcrop.  
 
 The unusual composition of the Lincoln syenite has also contributed to the geodynamic model of the Acadian 
orogeny. West and others (2007) produced a detailed study on the geochemistry of the Lincoln syenite to determine 
the origin of the ultrapotassic magma. Ultrapotassic rocks are defined as having greater than 3% weight percent of 
both MgO and K2O, and K2O/Na2O greater than 2 (Foley and others, 1987). The authors concluded that the specific 
composition of the magma was consistent with production via partial melting of a mantle wedge that was 
metasomatized by fluids from a subducting slab. This scenario can be achieved if an underlying subducting slab 
breaks off and sinks, or if the lithospheric mantle is removed (delamination), both of which would result in an 
upwelling of the asthenosphere under an altered mantle wedge and decompression melting of that wedge. 
 
 The Blinn Hill plutons were studied by Condit (2011, unpublished) for her undergraduate thesis supervised by 
author West at Middlebury College. Refer to field trip B4 in this guidebook for more detailed information. Work is 
also underway on another Middlebury thesis on the Edgecomb gneiss. 
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ROAD LOG 
 
 Assemble at 8:30 am at the Park & Ride Lot on the south side of Route 1 in Edgecomb, Maine (WGS84 UTM 
Zone 19N 450703 E, 4872276 N m). We will return here at the end of the day. 
 
Mileage 
 
0.0  Turn right out of the Park & Ride lot and head east on US Route 1 N. 
13.5  Turn right onto West Main St, which continues as Main St into downtown Waldoboro. 
15.2  Turn right onto Route 220 S. 
20.0  Turn left onto Finntown Rd. 
21.5  Turn right onto Colonel Stairs Rd. 
23.8  Turn right onto Cushing Rd/Route 97 S. 
25.4  Turn left onto Salt Pond Rd. 
25.9  Turn left onto Raccoon Ln. 
26.1  Park in the wide area of the road, in front of mailbox for 63 Raccoon Ln. 35 minute drive time from start. 
 
STOP 1. RACCOON GABBRO (40 MINUTES) (WGS84 UTM Zone 19N 477244.39 m E, 4872717.57 m N). 
  

We will park in a wide area of the road, and walk northeast on an unused woods road to access an outcrop in the 
woods. This spectacular outcrop of a layered cumulate gabbro has been exposed by a recent treefall. A cumulate 
texture in an igneous rock is comprised of larger interlocking subhedral to euhedral crystals (the cumulus) with the 
interstices comprised of patches of different minerals (the intercumulus or postcumulus). Sidle (1991) reported a 

Figure 4: Cumulate layers in the Raccoon gabbro at Stop 1. 
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layered cumulate sequence of plagioclase + orthopyroxene, plagioclase + orthopyroxene + clinopyroxene, and 
plagioclase. Although it is commonly thought that a cumulate texture is the result of gravitational settling of the 
larger interlocking crystals, researchers have now recognized that other processes within the crystallizing magma 
body can result in this texture, such as in-situ crystallization along the walls of the body or deposition of the crystals 
along the walls due to convective currents. Regardless of the mechanism, the formation of a cumulus texture 
changes the composition of the rest of the magma by sequestering certain constituents, and so do not represent the 
composition of the magma body as a whole. The texture of massive outcrops of the Raccoon gabbro is described as 
ophitic (Newberg, 1979), meaning plagioclase grains are enclosed by larger pyroxene crystals, which accounts for 
the popcorn-like surface of the gabbro in outcrop. This rock plots firmly in the gabbro field of both the QAP and the 
TAS diagrams (Figures 2 and 3). 
  
 The Raccoon gabbro, first described by Newberg (1979) and mapped in more detail by Sidle (1991), lies in the 
southeast corner of the Waldoboro East quadrangle.  Newberg (1979) noted that the gabbro was near the axis of a 
syncline but is not itself folded. The body was formerly interpreted to intrude the Benner Hill sequence of the St. 
Croix group, but is currently mapped in the Ordovician Prison Farm unit (Berry and others, 2000) and is present as 
xenoliths in the South Pond porphyry, so it is interpreted to be younger than the Benner Hill deformation (thrusting 
and folding), but older than the South Pond porphyry (Newberg, 1979). The complex, which includes granodiorite 
and granite not visited on this trip, has not been isotopically dated.  It may be similar in age to the nearby Spruce 
Head pluton which contains gabbros and granite (Ayuso and Arth, 1997) and has been dated to approximately 421 
Ma (Tucker and others, 2001). 
 
26.1  Return along Raccoon Ln to Salt Pond Rd. 
26.4  Turn right on Salt Pond Rd. 

Figure 5: Popcorn-like texture of the weathered gabbro in outcrop at Stop 1. 

273



C3-8 WHITTAKER, BERRY, AND WEST   

26.9  Turn right onto Cushing Rd/Route 97 N. 
27.8  Turn right onto Colonel Stairs Rd. 
28.4  Turn right into the entrance road for the JBI quarry. 5 minute drive time from Stop 1. 
 
STOP 2. SOUTH POND PORPHYRY QUARRY (30 MINUTES) (WGS84 UTM Zone 19N 477152 m E, 
4875586 m N). 
  

There are great exposures of the South Pond porphyry on the west side of the entrance road to the quarry. This 
unit contains large potassium feldspar phenocrysts that are aligned in some places, which is most likely a primary 
igneous texture.  Sidle (1991) reports phenocrysts nearly 3 inches in length, although the authors have not observed 
any quite that large. The groundmass consists of quartz, plagioclase, microcline, and biotite, with accessory 
muscovite, apatite, pyroxene, and opaques. The porphyritic nature and heterogeneity of the rock makes obtaining an 
accurate modal mineralogy difficult. Analyses of rocks from this unit plot in three different fields in the QAP: 
granite, granodiorite, and quartz monzodiorite. 

 
 The South Pond porphyry was first named by Newberg (1979) and reported to have a gradational contact with 
the rocks of the Benner Hill sequence to the east. Sidle (1990) observed a protomylonitic to mylonitic margin with 
the country rocks on the southeast side suggesting at least some amount of deformation along the contact. West and 
others (1995), however, obtained a hornblende cooling age of 369 ± 3.7 Ma in the amphibolites of the Benner Hill 
sequence within a kilometer of the plutonic rocks, which is nearly identical to the crystallization age of the 
Waldoboro granite. The South Pond porphyry has not been dated.  These observations suggest that the South Pond 
intruded the adjacent country rocks to the east. The South Pond porphyry forms the eastern side of the Waldoboro 

Figure 6: South Pond porphyry at Stop 2 showing variably oriented K-feldspar phenocrysts. 
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Complex (Figure 1). Field relationships (seen at Stop 3) suggest it is the same age as the quartz diorite and is older 
than the dated two-mica granite (Sidle, 1991; Sidle and Barton, 1993). 
 
28.4  Turn right onto Colonel Stairs Rd. 
30.0  Turn right onto Finntown Rd. 
30.9  PRIVATE PROPERTY: Turn into driveway at 1261 Finntown Rd. 3 minute drive time from Stop 2. 
 
STOP 3. PEGMATITE, SOUTH POND PORPHYRY, AND QUARTZ DIORITE (40 MINUTES) (WGS84 
UTM Zone 19N 475944 m E, 4878618 m N). 
  

This stop showcases an amazing continuous exposure of pegmatite and the contact between the South Pond 
porphyry and the quartz diorite of the Waldoboro Pluton Complex in a blueberry field. Xenoliths of Bucksport 
Formation are also exposed. Graphic texture (intergrowth of quartz and alkali feldspar) may be observed in the 
pegmatite. The quartz diorite map unit ranges in composition from diorite to tonalitie; the mineral mode from Sidle 
(1990) in Table 1 plots in the granodiorite field of the QAP and TAS diagrams, while a sample from Newberg 
(1979) plots as quartz diorite on the QAP diagram. 
 
 The quartz diorite associated with the Waldoboro Pluton was described by Newberg (1979), and observed to 
contain abundant primary sphene (average modal percent in thin section: 3.8). This rock has not been isotopically 
dated, but sphene may present an opportunity to obtain a cooling age. The contact between the South Pond porphyry 
and the quartz diorite can be observed at Stop 3 of this trip and the trip authors noted textures suggestive of hybrid 
magmas and comingling, indicating that the quartz diorite and porphyry magmas at this locality were molten at the 
same time. This observation differs from those of Sidle (1990), who interpreted the contact between the porphyry 
and the diorite to be sharply discordant and observed angular xenoliths of diorite in the porphyry. The contact 
between the diorite and the main body of the Waldoboro granite was not observed by the trip authors. Sidle (1991) 
interprets the two-mica granite to be younger than the quartz diorite and the South Pond porphyry to be younger than 
the two-mica granite. 
 
30.9  Turn left/head south on Finntown Rd. 
33.3  Turn right onto Route 220 N. 
34.3  Turn left onto Mayo Rd. 
34.9  PRIVATE PROPERTY: Park where land owner has indicated. 6 minute drive time from Stop 3. 
 
STOP 4. XENOLITH-RICH FOLIATED GRANITE WITH GARNET (40 MINUTES) (WGS84 UTM Zone 
19N 472064 m E, 4877249 m N). 
  

Figure 7: Gradational contact of South Pond porphyry and quartz diorite at Stop 3. 
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This stop is accessed by special permission of the landowner for this day only. Please do not return to this 

locality.  This heterogeneous unit is the largest mapped unit of the Waldoboro Pluton Complex and surrounds the 
Waldoboro two-mica granite to the west and the south (Figure 1). It generally contains less muscovite and more 
biotite than the Waldoboro two-mica granite, and contains a few percent of garnet as an accessory mineral. 
Representative samples plot firmly in the granite field of the QAP and TAS diagrams (Figures 2 and 3).  

 
There are many features to look for at this stop.  The granite does not occur in a large body, as at the previous 

three stops, but in many dikes of various widths that intrude each other as well as the metamorphic country rock.  
The dikes have a variety of textures, including aplite, a fine-grained, uniform rock with what is often called a 
"sugary" texture; phaneritic textures ranging from medium-grained to coarse-grained and pegmatitic; and 
porphyritic textures with two different grain sizes, especially in the coarser-grained rocks.  There is a variety of 
structural features, including foliation, an alignment of elongate or tabular mineral grains; textural zonation or 
layering within a dike of different grain size or composition, commonly parallel to the dike margin; possibly some 
comb structure, in which feldpars at the dike margin are oriented perpendicular to the dike wall; schlieren, or streaks 
of different composition; xenoliths, fragments of metamorphic rock enclosed in a dike; and apophyses, thin 
offshoots from one dike intruding another dike or country rock. 
 

Notice also the characteristics of the dike margins and their relationship to the country rock.  The country rock, 
the Silurian Bucksport Formation, here consists of layered medium to dark gray biotite-quartz-feldspar granofels 
with thinner interlayers of light gray to greenish-gray diopside calc-silicate granofels.  Some dikes are concordant 
with, or parallel to, the layering and other dikes are discordant, or cut across the layering, even if they cut across at a 
very small angle.  Some dike margins are straight and sharp, while others are irregular and nebulous.  In some 

Figure 8: Intrusive relationship between Waldoboro garnet-bearing granite and Bucksport Formation at Stop 4. 
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places, bits of dike near the margin are apparently separated entirely from the main dike and enclosed by country 
rock, although they may be connected in the third dimension that we cannot see.  Another feature to look for is a 
selvage, a thin black layer in the country rock where it is against a dike.  This is a concentration of biotite, which 
indicates that there was interaction between the dike and the country rock at the time of intrusion. 
 

A careful study of this outcrop would begin with detailed mapping of the geometric relationships, such as cross-
cutting, to establish the number of dikes and their sequence of intrusion and deformation.  Then, the composition 
would be used to classify the various dikes into groups of similar or related origin.  Grain size and other textural 
features would be used to assess the conditions of crystallization such as cooling rate and the role of fluids.  
Structural features, both in the dikes and in the country rock, would be used to evaluate the relationship of intrusion 
to metamorphism and melting.  Although such a study has not been done at this outcrop, it is clear that there is more 
than one generation of dikes, that the metamorphic country rocks were hot and probably melting at the time of 
intrusion, and that at least some of the dikes were folded together with the metamorphic rocks after the dikes had 
crystallized.  The complicated nature of this unit makes it difficult to map the boundary with the country rock, which 
is a boundary between dikes of granite with xenoliths of country rock and country rock with dikes of granite.  Its 
heterogeneity also makes it difficult to make general statements about the origin and age of this unit. 

 
 
34.9  Return along Mayo Rd. 
35.5  Turn left onto Route 220 N. 
39.3  At the intersection in downtown Waldoboro, continue straight on Jefferson St. 
39.8  At the intersection with Route 1, continue straight onto Depot St. 

There is a Subway and a gas station on the left for lunch items or a break, and a Hannaford and a 
Dunkin’ Donuts a short distance south on Route 1. 

40.8  Turn right onto Quarry Rd. 
40.9  Park along the road near the quarry. 11 minute drive time from Stop 4. 
 
STOP 5. WALDOBORO GRANITE QUARRY (60 MINUTES – LUNCH STOP) (WGS84 UTM Zone 19N 
468876 m E, 4884666 m N). 
  

This stop is at the site of an old quarry is maintained by the town of Waldoboro and is open to the public. We 
will eat lunch here. The granite here is gray with abundant muscovite and biotite, and accessory garnet. 

 
The quarry was originally the Day and Feyler’s quarry in 1830, but was purchased by a new operator, Booth 

Brothers & Hurricane Isle Granite Company, in 1860, according to Dale (1907). The granite was transported by 
carts to the mill, and then moved by train 19 miles to the wharf at Rockland for shipping. The granite from this 
quarry was used for buildings, monuments, paving, and road ballast. Dale (1907) lists the Buffalo Savings Bank in 
Buffalo, New York, and several buildings at the United States Naval Academy in Annapolis, Maryland, as built 
from this stone. Austin and Hussey (1958) add the Chemical National Bank in New York City. The quarry was 
noted as abandoned in 1923 (Dale, 1923). 

 
 Knight and Gaudette (1987) reported a Rb/Sr whole-rock age of 367 ± 4 Ma for the two-mica granite.  Tucker 
and others (2001) find a U-Pb zircon age of 368 ± 2 Ma. The peraluminous Waldoboro granite has been interpreted 
as an S-type granite formed via anatexis – melting of crustal rocks (Sidle, 1993). A K-Ar muscovite age of 303 ± 9 
Ma was obtained by Zartman and others (1970) and recalculated after Dalrymple (1979) for the Waldoboro Granite, 
which is interpreted as a regional cooling age. 
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40.9  Return to Depot St along Quarry Rd. 
41.0  Turn left onto Depot St. 
42.0  Turn right (heading west) on Route 1 S. 
46.8  Turn right onto Center St. 
48.1  Turn right onto Morgan Hill Rd. 
48.7  Turn right onto Bayview Rd. 
49.0  Turn right at the stop sign onto Route 215 N. 
50.5  Turn right onto Bunker Hill Rd/Route 213 N. 
53.4  Turn left onto Carter Ridge Rd. 
53.6  PRIVATE PROPERTY: Park at the workshop for Ridgetop Cabinetry. 24 minute drive time from Stop 5. 
 
STOP 6. FOLIATED LINCOLN SYENITE AND HASKELL HILL GRANITE GNEISS (40 MINUTES) 
(WGS84 UTM Zone 19N 457661 m E, 4884992 m N). 
  

We will take a short walk west along a logging road to a cleared area, and scramble around a wooded outcrop to 
observe xenoliths of the Lincoln syenite within the Haskell Hill granite gneiss. These outcrops were discovered and 
mapped by Tim Grover (Grover and Newberg, 2016). At outcrops containing xenoliths of the porphyritic Lincoln 
syenite, you can readily see the large alkali feldspar phenocrysts with blue-gray interiors and white rims. The 
phenocrysts are a primary igneous feature, one that can be seen in the undeformed main body of the Lincoln syenite 
which lies in the Washington quadrangle to the northeast. In deformed and metamorphosed parts of the Lincoln 
syenite, the white rims are due to fracturing and recrystallization along the margins of the phenocrysts. In the 

Figure 9: The steep walls of the Waldoboro granite quarry at Stop 5. Horizontal sheeting joints carry groundwater, 
as demonstrated by the brown stains on the walls. 
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unaltered part of the unit, the groundmass or matrix surrounding the phenocrysts is composed of finer-grained alkali 
feldspar, orthopyroxene and clinopyroxene, biotite, and rare quartz. This field trip only visits the altered and 
deformed part of the Lincoln syenite, and although the large phenocrysts are still observed, the groundmass is now 
composed of biotite, amphibole, quartz, and feldspar. The details of petrologic, geochemical, and structural 
processes associated with the deformation and recrystallization of the Lincoln syenite have been presented in Marsh 
et al. (2009).   
 
 Trefethen (1937) first named the rocks of the Lincoln Sill, but based his analysis on earlier studies (Ogilvie, 
1907; see West and others, 2007, for a comprehensive literature review). Ogilvie (1907) noted the similarities of this 
rock to shonkinites, and Pankiwskyj (1976) classified this rock as a shonkinite. West and others (2007), however, 
contend that the modal mineralogy does not meet the description from Le Maitre and others (2002), and is thus 
better termed an alkali feldspar syenite. Modal mineralogy of the deformed Lincoln syenite from Hatheway (1969) 
reports quartz in the groundmass as 6.6% of the rock, which shifts the Lincoln into the quartz syenite field in the 
QAP (Figure 2), but this increase in quartz percentage is most likely related to the metamorphism of the rock. 
Regardless of the variation from one sample to another, the large alkali feldspar phenocrysts make determination of 
modal mineralogy challenging. Chemically, a representative bulk composition from West and others (2007) plots in 
the monzonite field in the TAS diagram presented in Figure 3. Figure X from the West and others (2007) study 
presents a different TAS diagram from Wilson (1989) that classifies the bulk composition as alkaline syeno-diorite, 
which is a broad term describing a composition between syenite and diorite. We see on the QAP that monzonite lies 
between these two fields, so this discrepancy between the QAP and the two TAS diagrams is not critical, but instead 
highlights the expected compositional variability in a natural rock that has been deformed and metamorphosed. The 
study by West and others (2007) employs numerous geochemical techniques to investigate the origin of the Lincoln 
syenite and is an excellent example of how these techniques may be used. Tucker and others (2001) provided a 
crystallization age of 418 ± 1 Ma obtained from a zircon in the undeformed body of the unit. 

Figure 10: West and others (2007) used a total alkali-silica diagram from Wilson (1989) to chemically classify the 
Lincoln syenite, which differs from the TAS diagram in Figure 3. The study also made extensive use of Harker 
diagrams and other geochemical plots to develop a petrogenetic model (an explanation of the origin of the rock) for 
the formation of the Lincoln syenite. 
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 The Haskell Hill granite gneiss was first described by Tucker and others (2001) as a strongly foliated, medium- 
to fine-grained, panxenomorphic granite. Panxenomorphic indicates that the texture of the rock is characterized by 
anhedral minerals. In this case, the larger plagioclase are rounded and embayed. The grain shapes are presumably a 
result of deformation and recrystallization of the igneous minerals. The rock is composed of plagioclase, both as 
slightly larger phenocrysts and as groundmass, with microcline, quartz, biotite, and accessory muscovite, apatite, 
sphene, zircon, and opaques. Tucker and others (2001) obtained an igneous age of 408 +5/-4 Ma and an age of 
metamorphism of 381 ± 1 Ma. The authors were unable to locate published modal mineralogy or geochemical 
analyses of the Haskell Hill, so this rock is not represented on the QAP or TAS diagrams in figures 2 and 3. 
 
53.6  Return along Carter Ridge Rd. 
53.8  Turn right/south on Bunker Hill Rd/Route 213 N. 
53.9  Park on the shoulder near the roadside exposure. 1 minute drive time from Stop 6. 
 
STOP 7. UNDEFORMED MUSCOVITE-BEARING BIOTITE GRANITE (20 MINUTES) (WGS84 UTM 
Zone 19N 458199 m E, 4884692 m N). 
 
 This unit was only recently divided from the Haskell Hill granite gneiss, but it is easy to see why: this pluton is 
undeformed. This body has not been isotopically dated. No detailed modal mineralogy has been done, but field 
identification indicates this is a biotite granite with rare muscovite at this outcrop (Figure 12). Several irregular 
bodies of similar muscovite granite, presumably of Devonian age, are scattered through this area (Figure 1). 

Figure 11: Feldspar phenocryst at Stop 6. 

280



 WHITTAKER, BERRY, AND WEST C3-15 

 
53.9  Continue south on Bunker Hill Rd/Route 213 N. 
56.6  Turn right onto Route 215 N. 
58.2  Route 215 N becomes Route 194 W. 
61.8  Turn left onto Head Tide Rd 
62.0  Turn right onto Alna Rd/Route 218 N. 
62.2  Turn left onto Rabbit Path Rd. 
63.5  Rabbit Path turns into Bog Rd. 
64.2  Park along roadside. 17 minute drive time from Stop 7. 
 
STOP 8. BLINN HILL MUSCOVITE-BIOTITE GRANITE (20 MINUTES) (WGS84 UTM Zone 19N 446233 
m E, 4883760 m N). 
  

A very small roadside outcrop, please park carefully and be acutely vigilant of traffic. This part of the Blinn Hill 
pluton is a light gray, medium-grained biotite-muscovite granite with accessory garnet and tourmaline. This map 
unit is variably foliated; this stop is weakly foliated (Figure 13). 

 
Hatheway (1969) first mapped the Blinn Hill Pluton as a much more extensive body that was comprised of 

granites and granodiorites. Hatheway provided the proportions of quartz, plagioclase, and potassium feldspar from 
24 samples within the extent he mapped as Blinn Hill. The current interpretation of this body in the Wiscasset (D. 
West, in preparation) and East Pittston (Grover and West, 2014) 7.5’ quadrangles has migmatized Cape Elizabeth 
Formation and an unnamed muscovite granite to the east of the Blinn Hill granodiorite and granite.  Some of  
  

Figure 12: Close up image of the undeformed, unnamed granite from Stop 7. 
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Figure 14: Garnet-bearing  Blinn Hill two-mica granite at stop 8. 

Figure 14: 24 analyses of modal mineralogy from Hatheway (1969). Originally mapped all as Blinn Hill 
Pluton, symbols indicate how the sample locations are currently mapped in Wiscasset and East Pittston 
quadrangles. 
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samples are no longer considered Blinn Hill, but a QAP diagram of all 24 samples, with the Blinn Hill separated 
from the unnamed granite, shows the compositional variability of these units (Figure 14). 
 
64.2  Continue west along Bog Rd. 
65.5  PRIVATE PROPERTY: Turn into driveway at 53 Bog Rd, Dresden. 
65.6  Park along the driveway. 3 minute drive time. 
 
STOP 9. PAVEMENT OUTCROP OF BLINN HILL BIOTITE GRANODIORITE (30 MINUTES) (WGS84 
UTM Zone 19N 444236 m E, 4883881 m N). 
  
 This stop provides a view of a well exposed pavement expanse of foliated granodiorite of the Blinn Hill 
plutonic complex.  This is presumably the rock type, although not the exact location, that Tucker et al. (2001) 
obtained a U-Pb zircon age of 424 ±2 Ma which they interpret the represent the original igneous crystallization of 
this portion of the plutonic complex.  A strong penetrative foliation in this rock is defined by the parallel alignment 
of all the minerals in the rock, including the large K-feldspar megacrysts, as well as dark colored mafic enclaves that 
occurred as inclusions in the original igneous rock.  Additionally, thin sections from this rock type reveal significant 
recrystallization textures in many of the minerals.  Collectively, these types of observations throughout this phase of 
the Blinn Hill pluton reveal the original granodiorite igneous intrusion has been subjected to overprinting regional 
deformation and metamorphism (i.e., these tectonic events must be younger than 424 ±2 Ma).   
 
65.6  Return along the driveway to Bog Rd. 
65.7  Turn left onto Bog Rd. 
65.9  Turn left onto Blinn Hill Rd. 
67.2  Turn left onto Route 27 S. 
72.2  Turn left onto Fowle Hill Rd. 
73.4  Turn right onto West Alna Rd. 
74.4  Turn left onto Alna Rd/Route 218 N. 
74.6  Turn right onto Old Sheepscot Rd. 
74.6  Turn right onto River Point Rd. 
74.8  Turn right and park along Ice Pond Rd. 14 minute drive time. 
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STOP 10. EDGECOMB GNEISS (30 MINUTES) (WGS84 UTM Zone 19N 448454.56 m E, 4874368.33 m N). 
  

Walk across River Point Rd to the low blasted road cut that exposes spectacular rocks of the Edgecomb gneiss.  
These rocks, first described by Hatheway (1969), are found as relatively narrow (< 50 meters wide) sills within 
Silurian rocks of the Bucksport Formation of the Fredericton trough.  Small exposures of these stratified rocks can 
be seen a few meters the east of the main outcrop, and more extensive exposures of the Bucksport Formation can be 
found in large road cuts several hundred meters to the east (see Stop 5 of trip B4 in this guide).  The Edgecomb 
gneiss is a dark gray porphyroblastic gneiss that contains distinctive light colored layers rich in relatively large 
feldspar augen, and recrystallized quartz and feldspar.  Hatheway (1969) identified minor sphene, diopside, apatite, 
and magnetite in thin section. 

 
Although the spatial distribution of sills of Edgecomb gneiss have been previously mapped (Hatheway, 1969; 

Hussey, 1992; West, in press), no detailed studies on this unique rock have been completed and thus little is known 
about the nature or age of the protolith rocks (these studies are now in progress).  This can be debated at the 
exposure, but one hypothesis is that the Edgecomb gneiss originated as porphyritic diorite intrusions into Silurian 
rocks of the Bucksport Formation and then they were subsequently deformed and recrystallized by overprinting 
tectonic events.  Evidence of these overprinting events can be seen at this exposure in the form of shallow plunging, 
upright folds within the gneiss (and associated steep dipping, northeast striking foliation).  In addition to the 
Edgecomb gneiss exposed here, note the presence of younger cross-cutting pegmatites on the west side of the 
exposure, as well as several steeply dipping brittle faults with well-developed slickenlines on their surfaces.  Refer 
to Stop 5 of trip B4 for a more detailed overview of the relationships between the Edgecomb gneiss and surrounding 
rocks at this location. 

 

Figure 15: Blinn Hill granodiorite with mafic enclave and vein at stop 9. 
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 This is the last stop, return to the Park & Ride Lot in Edgecomb. 
 
74.8  Turn left back onto River Point Rd. 
75.0  Turn left onto Old Sheepscot Rd. 
75.3  Turn left onto Route 218 S. 
76.9  Turn left onto Route 1 N. CAUTION: this is a difficult left turn in downtown Wiscasset. 
79.5  Turn right into the Park & Ride Lot in Edgecomb, Maine. 9 minute drive time. 
 
  

Figure 16: Outcrop of Edgecomb gneiss at stop 10. Author Henry Berry IV for scale. 
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Table 1    
Trip Stop Stop 1 

Unit Raccoon gabbro 

Source Sidle, 1990 Sidle, 1990 Sidle, 1990 

Sample ID Drgb (WE-60-2) Drgb (WE-58-9) Drgb (WE-58-4) 

    MODAL MINERALOGY   
Quartz  -  
K-feldspar  -  
Plagioclase  54.2  
Biotite  -  
Hornblende  -  
Orthopyroxene  33.1  
Clinopyroxene  8.9  
Garnet    
Olivine  -  
Magnetite  3.8  
    
Ilmenite  -  
Apatite  tr  
Sphene  -  
Zircon  -  
    
GEOCHEMICAL ANALYSES   
SiO2 49.6 48.7 50 
Al2O3 15.1 14.9 16.2 
CaO 10.9 11.9 9.64 
MgO 8.87 10.24 6.43 
Na2O 1.24 1.24 2.23 
K2O 0.17 0.17 0.12 
Fe2O3 11.4 10.4 13.4 
MnO 0.25 0.32 0.25 
TiO2 1.61 2.33 1.61 
P2O5 0.31 0.29 0.31 
LOI 0.1 0.49 0.23 
TOTAL 99.52 100.98 100.42 

    
Rb 38 11 22 
Sr 623 242 531 
Y 23 23 19 
Zr <10 <10 <10 
Nb 19 18 18 
Ba 88 94 113 
Be nd 5 nd 
Cs nd <0.5 nd 
Li nd nd nd 
B nd <10 nd 
Pb nd <2 nd 
Th nd <0.5 nd 
U nd <0.5 nd 
Hf nd 1 nd 
Ta nd 1 nd 
Sc nd 39.4 nd 
Zn nd 160 nd 
V nd 480 nd 
Cr nd 100 nd 
Co nd 36 nd 
Ni nd 419 nd 
Cu nd 19 nd 
La nd 8.5 nd 
Ce nd 27 nd 
Pr    
Nd nd 15 nd 
Sm nd 3.4 nd 
Eu nd 2 nd 
Gd    
Tb nd 0.8 nd 
Dy    
Ho    
Er    
Tm    
Yb nd 2 nd 
Lu nd 0.32 nd 

 

286



 WHITTAKER, BERRY, AND WEST C3-21 
Table 1 continued   
Trip Stop Stop 2 

Unit South Pond porphyry 

Source Sidle, 1990 Sidle, 1990 Newberg, 1979 

Sample ID Wgp (WE305) Wgp (WE269) 0-8 

    MODAL MINERALOGY   
Quartz 18.1 12.4 45 
K-feldspar 42.9 18.5 10.3 
Plagioclase 20.6 61.2 30.2 
Biotite 2.2 7.1 12.4 
Hornblende 15.9 -  
Muscovite - - 0.2 
Pyroxene   1.8 
Garnet 0.2 -  
Sillimanite - -  
Magnetite 0.1 0.9 0.1 
Hematite - -  
Ilmenite tr -  
Apatite tr tr 0.1 
Sphene tr tr  
Zircon tr tr  
    
GEOCHEMICAL ANALYSES   
SiO2 66.3 72.1  
Al2O3 13.5 14.2  
CaO 1.81 1.09  
MgO 1.18 0.71  
Na2O 3.86 4.7  
K2O 5.81 3.26  
Fe2O3 2.16 2.36  
MnO 0.18 0.03  
TiO2 0.5 0.11  
P2O5 0.28 0.22  
LOI 0.22 0.46  
TOTAL 95.8 99.24  
    
Rb 174 112  
Sr 274 153  
Y 19 24  
Zr 233 97  
Nb 24 18  
Ba 1162 3387  
Be 4 nd  
Cs 3.1 nd  
Li 70 1095  
B 65 nd  
Pb 22 nd  
Th 18 nd  
U 17.2 nd  
Hf 10 nd  
Ta 24 nd  
Sc 13.9 nd  
Zn 116 nd  
V 172 nd  
Cr 172 nd  
Co 23 nd  
Ni 16 nd  
Cu 3 nd  
La 21.8   
Ce 88   
Pr    
Nd 20.7   
Sm 3.1   
Eu 2.3   
Gd    
Tb 0.7   
Dy    
Ho    
Er    
Tm    
Yb 1.6   
Lu 0.48     
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Table 1 continued     
Trip Stop Stop 3 Stop 4 

Unit Quartz diorite Garnet-bearing granite 

Source Sidle, 1990 Newberg, 1979 Sidle, 1990 Sidle, 1990 Sidle, 1990 

Sample ID Wqd (WE1518) 3-507 Wgn (WW295) Wgn (WW434) Wgn (WE334) 

      MODAL MINERALOGY     
Quartz 26.1 9.4 25.6 28.9 36.3 
K-feldspar 18.5 - 23.9 23.2 30.3 
Plagioclase 36.6 46.2 31.8 40.9 21.3 
Biotite 10.7 26.2 14.3 5.7 9.8 
Hornblende 7.7 10.1 - - - 
Muscovite -  2.1 1.1 0.8 
Pyroxene  1.7    
Garnet -  1.7 - 1.2 
Sillimanite -  - - - 
Magnetite 0.3 1.4 tr 0.1 tr 
Hematite -  - - tr 
Ilmenite -  - tr 0.1 
Apatite tr 1.2 tr tr 0.2 
Sphene 0.1 3.7 - - - 
Zircon tr  tr tr tr 

      
GEOCHEMICAL ANALYSES     
SiO2 64.9  68.1 72.6 74.5 
Al2O3 15.4  15.8 14.7 14 
CaO 4.02  2.53 0.81 0.63 
MgO 1.69  2.19 0.19 0.22 
Na2O 1.88  4.15 4.22 3.28 
K2O 4.23  3.43 4.81 4.83 
Fe2O3 5.24  2.84 0.33 0.61 
MnO 0.09  0.05 0.04 0.02 
TiO2 0.7  0.55 0.11 0.12 
P2O5 0.22  0.21 0.19 0.08 
LOI 0.78  0.39 0.51 0.52 
TOTAL 99.15  100.24 98.51 98.81 

      
Rb 113  159 151 394 
Sr 335  220 <10 41 
Y 32  59 38 28 
Zr 220  187 18 28 
Nb 89  18 37 28 
Ba 3124  339 702 279 
Be 2  7 4 6 
Cs 2.6  7.1 6.1 2.6 
Li 690  nd nd nd 
B 45  30 10 <10 
Pb 18  22 24 22 
Th 6.5  10 6.7 5.9 
U 3.9  1.4 4.6 1.9 
Hf 2  6 6 2 
Ta <1  1 <1 <1 
Sc 10.3  5.7 2.7 3.9 
Zn 89  72 31 40 
V 112  54 52 9 
Cr 147  143 87 75 
Co 16  7 2 <1 
Ni 22  8 7 3 
Cu 9  8 6 <0.5 
La 52   56.6 72.6 
Ce 103   116 142 
Pr      
Nd 66.8   12 6.9 
Sm 3.9   1.1 2.7 
Eu 2.1   0.6 0.5 
Gd      
Tb 0.5   <0.5 <0.5 
Dy      
Ho      
Er      
Tm      
Yb 2.3   0.6 1.1 
Lu 0.32     <0.05 0.34 
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Table 1 continued    
Trip Stop Stop 5 

Unit Waldoboro two-mica granite 

Source Sidle, 1990 Sidle, 1990 Sidle, 1990 Sidle, 1990 

Sample ID Wg (WW141) Wg (WW283) Wg (WE121) Wg (WW124) 

     MODAL MINERALOGY    
Quartz 33.9 31.9 35.4 34 
K-feldspar 35.2 28.9 40.1 39.6 
Plagioclase 21.9 30.3 17.8 11.4 
Biotite 3 2.6 2.5 3.3 
Hornblende - - - - 
Muscovite 5.4 5.4 3.6 5.6 
Pyroxene     
Garnet 0.2 - - tr 
Sillimanite - 0.8 - - 
Magnetite tr 0.1 0.2 tr 
Hematite - - - - 
Ilmenite 0.1 tr - 0.2 
Apatite 0.3 tr 0.4 tr 
Sphene - - - - 
Zircon tr tr tr tr 

     
GEOCHEMICAL ANALYSES    
SiO2 73.4 72.9 73.7 74.4 
Al2O3 13.9 14.1 14.3 14.2 
CaO 0.67 0.64 0.64 0.69 
MgO 0.21 0.21 0.2 0.25 
Na2O 3.27 3.88 3.32 3.28 
K2O 5.21 4.71 4.81 5.29 
Fe2O3 1.16 0.87 0.88 1.23 
MnO 0.03 0.03 0.02 0.03 
TiO2 0.15 0.12 0.13 0.16 
P2O5 0.15 0.17 0.18 0.14 
LOI 0.47 0.68 0.67 0.39 
TOTAL 98.62 98.31 98.85 100.06 

     
Rb 328 158 211 196 
Sr 64 <10 31 47 
Y 29 <10 11 25 
Zr 94 57 22 82 
Nb 24 22 19 13 
Ba 271 509 189 278 
Be 3 nd 10 5 
Cs 6.5 nd 30 5.9 
Li nd nd 160 nd 
B 10 nd 170 <10 
Pb 24 nd 26 22 
Th 12 nd 3.9 16 
U 5.4 nd 3.8 11.9 
Hf 4 nd 1 3 
Ta 1 nd 2 1 
Sc 3.6 nd 1.9 2.9 
Zn 50 nd 42 46 
V 8 nd 8 18 
Cr 85 nd 76 84 
Co 2 nd 2 2 
Ni 4 nd 5 2 
Cu 2 nd 5.5 5 
La 21.9  31.9 25.8 
Ce 43  88 53 
Pr     
Nd 21  11 26.8 
Sm 3.9  2.3 4.5 
Eu 0.4  0.5 0.5 
Gd     
Tb 0.7  <0.5 0.9 
Dy     
Ho     
Er     
Tm     
Yb 1.6  0.4 1.3 
Lu 0.27   0.1 0.18 
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Table 1 continued    
Trip Stop Stop 6 Stop 6 Stop 7 

Unit Lincoln syenite 
(deformed sample) 

Lincoln syenite 
(undeformed sample) 

Haskell Hill granite 
gneiss undeformed granite 

Source Hatheway, 1969 West and others, 2007 (none found) (none found) 

Sample ID Lincoln Sill 587 MR-23     

     MODAL MINERALOGY    
Quartz 6.6    
K-feldspar 30.3    
Plagioclase 14.1    
Biotite 23.1    
Hornblende 22    
Muscovite     
Pyroxene     
Garnet     
Sillimanite     
Magnetite     
Hematite     
Ilmenite     
Apatite 1.4    
Sphene 1.7    
Zircon     
     
GEOCHEMICAL ANALYSES    
SiO2  56.54   
Al2O3  11   
CaO  4.92   
MgO  8.99   
Na2O  1.97   
K2O  6.38   
Fe2O3  7.67   
MnO  0.11   
TiO2  1.4   
P2O5  0.93   
LOI     
TOTAL  99.91   
     
Rb  362   
Sr  750   
Y  33.8   
Zr  434   
Nb  41   
Ba  2100   
Be     
Cs     
Li     
B     
Pb     
Th  42.4   
U  12.5   
Hf  12.3   
Ta  3   
Sc  19   
Zn  93   
V  207   
Cr  591   
Co  43   
Ni  243   
Cu  104   
La  81.9   
Ce  176   
Pr  22.3   
Nd  82.3   
Sm  16.3   
Eu  3.11   
Gd  11.8   
Tb  1.37   
Dy  6.3   
Ho  1.11   
Er  3.09   
Tm  0.38   
Yb  2.38   
Lu   0.38     
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Table 1 continued   
Trip Stop Stop 8 Stop 9 Stop 10 

Unit Blinn Hill two-mica 
granite 

Blinn Hill granodiorite 
(East Pittston quad) Edgecomb gneiss 

Source West, unpublished West, unpublished Hatheway, 1969 

Sample ID BH223 BH190 618 

    MODAL MINERALOGY   
Quartz   18.6 
K-feldspar   23.6 
Plagioclase   20.2 
Biotite   17 
Hornblende   16 
Muscovite    
Pyroxene   1.2 
Garnet    
Sillimanite    
Magnetite   0.2 
Hematite    
Ilmenite    
Apatite   1.2 
Sphene   2 
Zircon    
    
GEOCHEMICAL ANALYSES   
SiO2 71.68 73.04  
Al2O3 14.59 13.85  
CaO 1.08 1.34  
MgO 0.25 0.44  
Na2O 3.54 3.87  
K2O 4.29 4.09  
Fe2O3 1.36 2.09  
MnO 0.11 0.05  
TiO2 0.16 0.27  
P2O5 0.2 0.09  
LOI 3.28 0.7  
TOTAL 97.27 99.83  
    
Rb 249 143.5  
Sr 60 158.6  
Y 19 24.8  
Zr 37 182.3  
Nb 22.7 31.3  
Ba 145 449  
Be    
Cs    
Li    
B    
Pb 0.9 1.6  
Th 7.8 20.8  
U 5.3 5.9  
Hf 1.5 5.6  
Ta 2.1 4.8  
Sc 4 4  
Zn 51 32  
V 4 15  
Cr 5 b.d.  
Co 16 37.4  
Ni 10 1.1  
Cu 7 0.9  
La 16.1 26.3  
Ce 33.8 59  
Pr 3.52 5.09  
Nd 12.1 18  
Sm 2.46 3.6  
Eu 0.37 0.68  
Gd 2.67 3.5  
Tb 0.54 0.63  
Dy 3 3.89  
Ho 0.59 0.85  
Er 1.71 2.78  
Tm 0.27 0.44  
Yb 1.91 3.13  
Lu 0.27 0.44   
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Table 2 

   Stop Unit Igneous Age Cooling Age References 
1 Raccoon gabbro Late Silurian? - This paper 
2 South Pond porphyry Devonian? - Sidle, 1990 
3 Waldoboro quartz 

diorite 
Devonian? - Sidle, 1990 

4 Waldoboro garnet-
bearing granite 

Devonian? - Sidle, 1990 

5 Waldoboro granite 368 ± 2 Ma 
(zircon) 
367 ± 4 Ma 
(Rb/Sr whole 
rock) 

303 ± 9 Ma 
(recalculated 
muscovite) 

Tucker and others, 2001; 
Knight and Gaudette, 
1987; 
Zartman and others, 1970 
(recalculated after 
Dalrymple, 1979) 

6 Haskell Hill granite 
gneiss 

408 ± 5 Ma 
(zircon) 

381 ± 1 Ma 
(sphene) 

Tucker and others, 2001 

6 Lincoln syenite 418 ± 1 Ma 
(zircon in 
undisturbed 
pluton) 

~386 Ma 
(various minerals 
 in foliated 
formation) 

Tucker and others, 2001; 
Knight and Gaudette, 
1991 

7 Muscovite-bearing 
biotite granite 

- -   

8 Blinn Hill two-mica 
granite 

413 ± 6 Ma 
(zircon) 

- West, unpublished 

9 Blinn Hill granodiorite 424 ± 2 Ma 
(zircon) 

298 ± 4 Ma 
(muscovite) 
288 ± 3 Ma 
(biotite) 
265 ± 4 Ma (K-
feldspar) 

Tucker and others, 2001; 
West and others, 1993 

10 Edgecomb gneiss - -   
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WHAT TO DO ABOUT 2,000 GALLONS OF OIL IN A SCHOOL LEACHFIELD: AN 
ENVIRONMENTAL GEOLOGIST’S PERSPECTIVE 

 
By 

 
Keith R. Taylor. C.G., St.Germain Collins, 846 Main Street, Westbrook, ME 04092 

Email Address: keitht@stgermaincollins.com 
 

SITE INFORMATION 
 
Background 

On February 4, 2015, approximately 2,100 gallons of No.2 fuel oil were mistakenly deposited into a pump station 
associated with an engineered subsurface wastewater disposal system located behind the Medomak Middle School 
(middle school) in Waldoboro, Maine.  It is estimated that approximately 750 gallons of oil were recovered from the 
pump station and other components of the system, including piping and other underground structures.  The remaining 
oil is migrated to the two leach fields.  Maritime Energy immediately accepted responsibility and worked with the 
Maine Department of Environmental Protection (MEDEP), Maine Drinking Water Program (MEDWP), and school 
officials from MSAD #40 to remediate the oil, rebuild the leachfields, and conduct a hydrogeologic investigation to 
assess the long-term effects, if any, of the release.   This report documents the remediation and hydrogeologic 
investigation.    

 
Site Description 

The middle school is located on the west side of Manktown Road in Waldoboro, Maine, about 0.5 miles north of 
US Route 1 (see Figure 1, Site Location Map). Drinking water is provided by a drilled bedrock well and sanitary 
wastewater is discharged from a holding tank to two septic leachfields (Leach Field #1 to the east and Leach Field #2 
to the west), each about 150 feet long and 50 feet wide (see Figure 2, Site Plan).  This Site Plan also shows the 
location of 9 monitoring wells that were installed after the replacement of the leachfields.     
 
REMEDIATION METHODS AND RESULTS 
Objective 

The objective of the remediation was to remove all oil-contaminated soil with Extractable Petroleum Hydrocarbon 
(EPH) concentrations above the MEDEP Remedial Action Guidelines (RAGs) for leaching to groundwater.   

 
Method 

The top 1 to 3 feet of “clean” soils were mechanically excavated from the top of each leach field.  These soils 
were live-loaded into dump trucks for transportation to the nearby George C. Hall & Sons (Hall) gravel pit in 
Thomaston, Maine.  Clean soils were excavated under the direction of the St.Germain Collins, who used visual and 
olfactory evidence to determine the boundary between clean soils and oil-impacted soils. 

 
Once the clean soil was removed, the oil-impacted soils were mechanically excavated from each leach field and 

live-loaded into dump trucks.  (The leach field piping and other components were also removed and managed 
separately.)  This process continued until the exposed soil across the entire leach field appeared free of impacts, at 
which time a 10-foot by 10-foot grid was established across and on the walls of each leach field excavation (the wall 
grid cells were 10 feet long laterally and as high as the excavation wall, typically about 4 feet).  Grid cells are labeled 
based upon an alphabetic and numeric axes that define the gridded area, such as A12, B3, and C5. 

 
A surface soil sample from each grid cell was then collected and tested for oil following the MEDEP oleophilic 

dye test method.  If the test shows “Saturated,” “Positive,” or “Slightly Positive” results, additional soils were 
excavated and field samples were collected and tested until “Undetected” results occurred.  Ten percent of the field 
sample locations were laboratory samples.  All samples were analyzed for EPH using the Massachusetts Department 
of Environmental method, and shipped to Alpha Analytical of Westborough, Massachusetts in a chilled cooler under 
standard chain of custody protocol.  The laboratory results were used to confirm that no soil remained with EPH levels 
above the MEDEP RAG. 
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 Figure 1) Site Location Map 
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Results 
Each leach field was initially excavated to a depth of about 3 to 4 feet below grade before visual and olfactory 

evidence of contamination was not present.  As shown on Figure 3, Initial Field Screening Results, soil from the 
entire footprint of Leach Field #1 was removed due to contamination, but only about 80% of Leach Field #2 was 
removed, with the end farthest from the discharge pipe remaining clean.  This figure also shows the results of the first 
round of oleophilic dye tests.  Leach Field #1 exhibited dye test results above “Undetected” at 13 locations, while 
Leach Field #2 had 9 locations above “Undetected”.  Only one of these initial screening points was along an excavation 
side wall.   

 
For both leach fields, most of the locations where the field test detected oil required about 2 to 5 feet of further 

excavation before an ”Undetected” result was obtained.  However, in the vicinity of cell F6 at Leach Field #1 and C13 
at Leach Field #2, further excavation encountered more oil contamination.  In some locations the surface soil was not 
contaminated but oil was found several feet below.  Free product was visible in the bottom of some excavations at 
Leach Field #1.  This phenomenon is likely due to the oil moving through fractures in the soil (glacial till as described 
later) since it otherwise exhibits a low permeability.  The excavations in these areas expanded laterally to encompass 
adjacent grid cells and were terminated with MEDEP approval at about 8 feet where groundwater seepage was 
encountered.   

 
As shown on Figure 4, Final Excavation Boundaries, the lateral expansion at the southeast corner of Leach 

Field #1 extended up to 15 feet beyond the original grid boundaries. Although oleophilic dye tests showed the presence 
of oil along the excavation boundaries here, MEDEP approved terminating the excavation due to the presence of a 
forested wetland to the south and the unpredictable nature of the contamination distribution.  Leach Field #2 had two 
smaller areas where the excavation extended beyond the original grid boundaries.  Figure 4 also shows the location of 
confirmatory samples that were collected from the excavation bottom or side walls.  Fifteen samples were collected 
from Leach Field #1 while 9 samples were collected from Leach Field #2. 

 
Table 1a&b, Confirmatory Soil Sample Results, present the results of confirmatory sampling.  All of the 

samples were reported with EPH below the RAGs except one from Leach Field #1 (sample LS-E-0-F), located on the 
eastern wall of cell F0.   This sample was reported with naphthalene and 2-methylnaphthalene slightly above the RAG.  
Because of the low concentrations and the sample being collected from the southeast corner of the leach field as 
discussed above, MEDEP approved cessation of soil removal.   

 
Approximately 4,640 tons of oil-contaminated soil were removed from the two leach fields and temporarily 

stockpiled at the Hall pit.  After MEDEP approval, the soil was shipped to the Rockland municipal landfill to be used 
as daily cover.   

 
Leachfield Replacement 

The leachfields were replaced immediately after the soil removal and final confirmatory sampling.  
 

HYDROGEOLOGIC INVESTIGATION 
Objectives 

 
The objectives of the investigation were as follows: 
 
1. Determine if overburden groundwater in the vicinity of the leach fields has been contaminated with oil. 
 
2. Calculate groundwater flow direction in the vicinity of the leach fields and with respect to the middle school 

supply well. 
 
3. Create a network of monitoring wells that can be used for additional monitoring, as appropriate. 
 

Methods 
 
On May 1 and 4, 2015, St.Germain Collins supervised the advancement of soil borings and construction of 

monitoring wells using a geoprobe operated by Environmental Projects, Inc. of Auburn, Maine.  Each boring was 
advanced with continual soil sampling and classification to 16 feet, and the borings were completed with a 1-inch 
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diameter PVC well with a 10-foot screen and a filter sand pack around the screen.  The two wells closest to the middle 
school (see Figure 2) were completed with the screen interval from 4 to 14 feet below grade since the water table was 
suspected to be shallower in this area, while the remainder of the wells were constructed with the screen interval from 
5 to 15 feet below grade.  The wells were completed with a flush-mount road box, and then surveyed for location and 
relative elevation so a groundwater contour map could be prepared. 

 
On May 19, 2015, St.Germain Collins collected groundwater samples from the 9 wells for analysis of EPH. The 

samples were collected using MEDEP Standard Operating Procedure DR#002 (Groundwater Collection for Site 
Investigation and Assessment Monitoring).  

 
Hydrogeology 

Site geology consists of brown gray, dense glacial till with sandy, silty, or clayey silt matrices depending on 
location and depth.  Gravel, cobbles, and boulders were variably present.  No refusal was encountered at the boring 
termination depth of 16 feet except at well MW-105 where refusal occurred at a depth of 9 feet.  

 
Water levels in the wells ranged from about 1 to 5 feet below grade, as summarized on Table 2, Well 

Construction Data.   Figure 5, Groundwater Contour Map, shows water table contours from data collected on 
May 19, 2015.  Groundwater flow is generally southwest to northeast but shows a more easterly trend at east side of 
the leachfields.   The forested area immediately to the east is a wetland as mapped by the Turner Group who designed 
the school.   This area has a ground surface elevation of about 215 to 216 feet msl, which is about 4 to 5 feet lower 
than the surrounding area, and in turn likely represents a discharge area for overburden groundwater from the 
leachfields, the land surrounding the middle school itself, and the higher land along Manktown Road.   

 
Soil Quality 

St.Germain Collins was prepared to collect soil 
samples from the borings for field and/or laboratory 
analysis if visual or olfactory evidence of contamination 
was observed, but no such evidence was identified.  

 
Water Quality 

Analytical results from the groundwater sampling are 
summarized on Table 3, Groundwater Sampling 
Results.  Five wells (MW-2 through MW-5, and MW-7) 
were reported with detectable levels of EPH, with well 
MW-103 reported with one parameter (C9-C18 Aliphatics 
at 1,250 ug/l) above the Maine CDC Maximum Exposure 
Guideline (MEG) of 700 ug/l.  With the exception of MW-
107, all of these wells are hydraulically downgradient from 
the leachfields.  Well MW-107 is in the general vicinity of 
a zone of concentrated oil contamination in soil that 
extended into the woods (see description in Section 2.3), 
which may be the explanation for groundwater 
contamination in an apparently upgradient location.    

 
It is unclear why the highest EPH concentrations were reported for well MW-103, which is somewhat distant 

from the western leachfield.  This well is relatively close to the septic system holding tank where it is possible that 
some oil leaked out of the tank or piping during the release.  However, this source is not supported by the groundwater 
flow direction here and the absence of naphthalene and 2-methylnaphthalene, which are the two primary compounds 
making up fuel oil.  

303



C4-10 TAYLOR 

 

Fi
gu

re
 5

) G
ro

un
dw

at
er

 C
on

to
ur

 M
ap

 

L
E

G
E

N
D

 
 L

E
A

C
H

 F
IE

L
D

 B
O

U
N

D
A

R
IE

S 
 M

ID
D

L
E

 S
C

H
O

O
L

 S
U

PP
L

Y
 W

EL
L 

 M
O

N
IT

O
R

IN
G

 W
E

LL
 W

IT
H

 G
R

O
U

N
D

W
A

T
E

R
 

E
LE

V
A

T
IO

N
 O

N
 5

/1
9/

15
 (E

LE
V

A
T

IO
N

 R
EL

A
T

IV
E

 
T

O
 A

R
B

IT
R

A
R

Y
 S

IT
E

 D
A

T
U

M
) 

 G
R

O
U

N
D

W
A

T
E

R
 C

O
N

TO
U

R
 W

IT
H

 F
L

O
W

 
D

IR
E

C
T

IO
N

 
   

304



TAYLOR C4-11 

 
 
 

305



C4-12 TAYLOR 

Risk to Middle School Supply Well 
One concern after the oil release was that the middle school supply well could become contaminated (see Figure 

2 for location).  This well was constructed in 2008 with the following specifications as provided by the Maine Drinking 
Water Program: 

 
• 300 feet total depth 
• 40 feet to bedrock 
• 50 feet 6-inch diameter steel casing 
• Jaswell seal with 4–inch diameter PVC casing to 80 feet below ground surface 
• Yield 12 gpm 
 
The supply well is unlikely to become contamination for the following reasons: 
 
• Oil contamination would have to travel through 40 feet of overburden and then 40 feet of bedrock before 

reaching the bedrock borehole, despite oil being less dense than water.   
 
• Overburden groundwater contours suggest the overburden groundwater from the area of the leachfield will 

flow toward and discharge into the wooded wetland to the east.  
 
• The glacial till is dense and mostly fine-grained, which would result in a low permeability and in turn a slow 

contaminant migration velocity, allowing dispersion and degradation to attenuate the contaminants.     
 
Furthermore, the middle school well has been sampled on a monthly basis by Water Quality and Compliance for 

EPH, Volatile Petroleum Hydrocarbons (VPH) and Volatile Organic Compounds (VOCs) since March 2015 and no 
EPH, VPH or VOC compounds have been detected with the exception of a trace level (0.526 ug/l) of naphthalene in 
June 2015.  Naphthalene was not detected in the July Sample.  The Medomak High School well, located about 1,000 
feet north of the middle school, has also been sampled twice since the release and no EPH, VPH, or VOC compounds 
have been detected.   

 
CONCLUSIONS 

 
St.Germain Collins supervised the excavation of approximately 5,000 cubic yards of soil contaminated with #2 

fuel oil from two leach fields that serve the Medomak Middle School in Waldoboro, Maine.  Twenty-four confirmatory 
samples were collected from the two excavations for EPH analysis and all but one sample were reported with EPH 
levels below the MEDEP Leaching to Groundwater RAG.  The sample that did exceed the RAG was reported with 
two compounds only slightly above guidelines.  MEDEP did not require further excavation where this sample was 
collected due to the low EPH levels, and the unpredictable and limited nature of the contamination distribution.   

 
The leach fields were subsequently rebuilt and 9 monitoring wells were installed and sampled.  The geologic 

materials consist of dense glacial till at all locations with groundwater between 1 and 5 feet below grade.  Groundwater 
flow is to the northeast and east and is interpreted to ultimately discharge to a wooded wetland next to the school.  No 
soil contamination was encountered but several wells showed low levels of EPH compounds. 

 
The bedrock well serving the school is not considered under threat from the residual groundwater contamination 

because of geologic conditions and the well construction, which make migration to the well unlikely.   
 
As proposed in the investigation work plan, the monitoring wells will  be sampled quarterly for two years (through 

June 2017), unless the results warrant a reduction in frequency and number of samples.   
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CREATING RESILIENT INFRASTRUCTURE IN THE FACE OF SEA LEVEL RISE 
 

By 
 

Peter A. Slovinsky, Maine Geological Survey, 93 State House Station, Augusta, ME 04333 
Stephanie M. Wyman, Milone and MacBroom, 121 Middle Street, Suite 201, Portland, ME 04101 

Robert Faunce, Lincoln County Regional Planning Commission, 297 Bath Road, Wiscasset, ME 04578 
Jonathan Edgerton, Wright Pierce, 99 Main Street, Topsham, ME 04086 

Travis Pryor, Wright-Pierce, 99 Main Street, Topsham, ME 04086 
 

INTRODUCTION 
 

This field trip showcases how two mid-coast Maine communities are adapting infrastructure to be more resilient 
to storms and sea level rise.  This trip is mean to continue down Route 1 from Waldoboro (Trip C4-1), and include:  
Stop 1) the Town of Damariscotta’s downtown and public parking lot, located on the Damariscotta River; and Stop 
2) the Town of Wiscasset’s wastewater treatment plant (WWTP) facilities, located adjacent to the Sheepscot River 
(Figure 1).  These infrastructure are critical for daily functioning of the municipalities, and each town has 
undertaken detailed studies of vulnerability to storms and sea level rise and has either developed or is developing 
appropriate adaptation strategies to make the infrastructure more resilient.  The fieldtrip will share how an initial 
Lincoln County-wide vulnerability assessment done by the Maine Geological Survey (MGS) in conjunction with the 
Lincoln County Regional Planning Commission (LCRPC) led to subsequent more in-depth vulnerability and 
engineering analyses completed by Milone and MacBroom, Inc. (in Damariscotta) and Wright-Pierce (in Wiscasset).  
We will also detail how each project engaged the respective communities, and how each project was developed to be 
highly transferable, and have led to similar subsequent efforts in other parts of Maine. 
 

Damariscotta, ME 
 

The Town of Damariscotta, located near the head of the Damariscotta River about 12 miles from the ocean, has 
a rich ship-building history – it was the center of clipper-shipbuilding activity in the 1800s.  It is also famous for 
Native American oyster shell middens dating back 2,500 years, several of which are designated as State Historic 
sites.  It also has a vibrant, thriving downtown that serves as an economic hub to many of its surrounding 
communities.  Central to Damariscotta is its downtown and associated public parking lot, located just south of the 
downtown buildings on Main Street. The parking lot was built using fill that was placed during the construction of 
Business Route 1 in the early 1960s, and a seawall was built to protect the lot.  The parking lot contains water, 
electric, and gas utilities (Figure 2).   

 
Figure 1.  Google Earth image showing the locations of the two stops on the field trip 
in Damariscotta and Wiscasset.  Both stops are along Route 1. 
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Tidal Regime and Flood History 
 
Damariscotta has a semi-diurnal tidal 

regime, with two highs and two lows of 
similar magnitude each day. The mean 
tidal range is 9.3 feet, the spring range is 
10.7 feet and mean tide level is 5 feet 
Mean Lower Low Water (MLLW) 
(NOAA, 2015).  The 2015 predicted 
highest annual tide (or HAT) was 12.1 feet 
MLLW, or around 6.2 feet North 
American Vertical Datum (NAVD) 
(Maine DEP, 2016).  The effective FEMA 
Flood Insurance Rate Map (FIRM) maps 
the parking lot and several downtown 
structures in an A-zone with a 100-year 
(1%) base flood elevation of 10 feet 
NAVD. Ground elevations of the parking 
lot and downtown range from 6.7 to over 
15 feet NAVD.   

 
Town officials and citizens report that the parking lot was badly flooded in January and February 1978 

northeaster’ storm events.  These events reached the 1%, or 100-year, expected water level.  The parking lot is 
known to flood during much smaller events – even just the highest of tides – due to two-way pipes that connect 
drains in the parking lot to the Damariscotta River. 
 

Damariscotta Resiliency Efforts 
 
Through a grant from NOAA and the 

Maine Coastal Program (MCP), the MGS 
worked with LCRPC (MGS and LCRPC, 
2013) to map – on a Lincoln County level – 
potential scenarios of storm surge or sea 
level rise on top of the 2015 HAT of 6.2 
feet NAVD.  It was decided that scenarios 
of 1, 2, 3.3 and 6 feet of storm surge or sea 
level rise would be added to the 2015 HAT 
elevation. These scenarios of sea level rise 
were chosen from NOAA Technical Report 
guidance (NOAA, 2012) for the US 
National Climate Assessment and US 
Army Corps of Engineers sea level 
visualization tool (USACE, 2015). 

 
Resulting inundation data was 

produced in GoogleEarth kml format for 
ease of visualization.  When this inundation 
information was shared with the 
Damariscotta Board of Selectmen (Figure 
3), it was immediately decided that 
additional analyses were needed to more 
accurately determine vulnerability to storms and sea level rise, and subsequent adaptation strategies should be 
developed to protect the parking lot and downtown.  The Town applied for and received a Maine Municipal 
Planning and Assistance Program (MPAP) Coastal Community Grant for engineering services to develop 
appropriate adaptation strategies, and selected Milone and MacBroom, Inc. (MMI) as its consultant. 

 

Figure 2.  Oblique aerial showing Damariscotta public parking 
lot in the mid-1960s after fill was placed.  Note that the seawall 
was not yet completed.  Image from www.playle.com. 

 
Figure 3.  Image showing a scenario of 2 feet of storm surge 
or sea level rise on top of HAT.  Areas of potential 
inundation are shown in blue, and potentially impacted 
buildings in red.  Image by MGS and LCRPC. 
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In consultation with the Town-appointed Flood Resiliency Committee, a scenario of 2 feet of sea level rise on 
top of the 100-year flood elevation (12 feet NAVD) was chosen as the planning scenario by 2070.  MMI undertook a 
more detailed, structure-by-structure, analysis of the potential vulnerabilities to flooding and identified potential 
adaptation strategies that could be undertaken.  This included determining exact elevations of doors, windows, etc., 
in relation to flood levels, and determining appropriate flood mitigation activities.  MMI also considered several 
different town-wide adaptation strategies that included renovating the existing seawall and increasing the elevation 
of the parking lot.  A final MMI report (Milone and MacBroom, 2015) included estimates of costs associated with 
retrofitting each individual building that may be impacted by flooding.  This unique approach had not been 
undertaken before as part of a resiliency analysis in Maine before.  The report also identified locations where 
drainage would need to be improved, areas along the waterfront where either manually operated or automatic tide 
gates could be used, adaptation options to reduce flooding from the northern side of the town, and potential funding 
sources.   

 
After significant engagement through public meetings, the Flood Resiliency Committee solicited additional 

public input through online voting.  The Town then chose to pursue a strategy of: protect the parking lot with a 
sheet-pile bulkhead to 12 feet NAVD (2 feet above the 100-year BFE); increase parking lot elevation to 11.5 feet 
NAVD; improve lot drainage using one-way flapper valves or similar; install two stop-gate structures, one at the 
boat launch and one at the drive at Schooner Landing; and reinforcing the northern side of the peninsula to mitigate 
for potential “backdoor” flooding.  This approach was deemed to best maintain existing public access (and views) of 
the water, reinforce the seawall to withstand higher water levels, alleviate drainage problems in the lot, and 
hopefully remove structures from the 100-year flood zone.   A cross-sectional view of the selected alternative 
strategy for the parking lot is shown in Figure 4. 

 
The Field Trip - Damariscotta 
 
For the Damariscotta portion of the field trip, we will walk to several different stops at and near the parking lot, 

totaling less than 0.5 miles.  We will discuss the county-level study initiated by MGS and LCRPC which led to more 
focused work in the Town, look at at-risk infrastructure, discuss the process of developing viable engineering 
alternatives, the process of public engagement, and present selected alternatives for flood mitigation.  Numerous 
downtown businesses have public restrooms, if needed.  Once the trip is complete, we will return to vehicles and 
continue on to Wiscasset, ME, about 8.3 miles south on Route 1.  See the Road Log for more information. 

 
Wiscasset, ME 
 

Known as the “prettiest village in Maine”, the Town of Wiscasset, located about 13 miles from the mouth of the 
Sheepscot River, has a rich shipping history due to a naturally deep harbor. First settled in 1660, it has well-known 
archaeological sites, and also a thriving downtown strip.  Just to the north of downtown, along the rail line, lies 
Wiscasset’s WWTP.  The plan is located on Cow Island, and serves approximately 14 miles of sewer line (Figure 5).  
The existing plant was upgraded in 1992 and is licensed for a monthly average flow of 620,000 gallons per day 
however, monthly discharges average only about 180,000 gallons per day, or about 29% capacity (Wiscasset, 2016). 

 

 
Figure 4.  Cross-sectional view of the preferred parking lot option fromMilone & MacBroom. 
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Tidal Regime and Flood History 
 
Similar to Damariscotta River, the 

Sheepscot River has semi-diurnal tides, 
with a mean range of about 9.4 feet, 
spring range of 10.8 feet, and a mean 
tide level of 5.0 feet NAVD (NOAA, 
2015).  The 2016 highest annual tide is 
predicted to be about 6.8 feet NAVD 
(MEDEP, 2016).  According to 
available FEMA FIRM data, the access 
road and Cow Island are in an A-zone 
of elevation 10 feet NAVD  (Figure 6).  
Based on information from Town 
officials, the plant itself has not flooded 
in past storm events; however, it is 
clearly at risk due to potential storms 
and sea level rise. 

 
Wiscasset Resiliency Efforts 
 
Similar to Damariscotta, Wiscasset 

participated in the Lincoln County-wide 
vulnerability mapping efforts by MGS 
and the LCRPC.  These efforts showed 
that the WWTP, and an ancillary pump 
station, were most at-risk to storms and 
sea level rise.  Subsequent to this effort, 
the Town, with the help of LCRPC, 
applied for and received funding from 
the Maine MPAP’s Coastal Community 
Grant program for a project titled 
Wiscasset Waste Water Treatment Plant 
Coastal Hazard Resilience Project.  A 
project committee including Town 
representatives, the LCRPC planner, 
and MGS, was formed and a consulting 
engineer – Wright-Pierce – was selected 
to undertake more detailed vulnerability 
analysis and adaptation strategy 
development. 

 
Wright-Pierce (WP) had worked 

previously on a similar project in 
Ogunquit, and was able to transfer much 
of their methodology from that project to the Wiscasset effort.  With input from the Town, the project committee 
decided that WP would investigate the following scenarios for vulnerability of plant infrastructure:   

 
• 13 feet NAVD – derived from the existing FEMA 100-year BFE (10 feet NAVD) plus 3 feet.  This is a 

recommended standard for critical infrastructure like WWTPs from the New England Interstate Water 
Pollution Control Commission, or NEIWPCC (NEIWPCC, 2015); 

• 14 feet NAVD – derived from the above, plus 1 foot sea level rise (low scenario); and 
• 16 feet NAVD – derived from the above plus 3 feet of sea level rise (high scenario).   

 

Figure 5.  Image of the Wiscasset wastewater treatment plant on 
the Sheepscot River.  Image from R. Faunce, LCRPC. 

Figure 6.  Existing FEMA DFIRM shows that the WWTP is in an 
A-zone elevation 10 feet NAVD.  From FEMA Panel 
23015C0243D (7/16/2015). 
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Using these scenarios, WP conducted detailed analyses inspecting the vulnerability of different critical 
infrastructure of the plant and associated pump station, and began to develop adaptation strategies (Figure 7).  This 
project is still underway.  Attendees will be provided with the latest status of the project.   

 
The Field Trip - Wiscasset 
 
The trip at Wiscasset will include stops at the WWTP to show and discuss the methodology of conducting the 

vulnerability assessment, pin-pointing at-risk infrastructure, and determining appropriate adaptation strategies.  We 
will also visit a vulnerable pump station and a recently rebuilt public pier, which was elevated to account for sea 
level rise.  The total walking distance – from start to finish – will be approximately 1.2 miles. Several waterfront (or 
nearby) businesses have bathroom facilities within walking distance, if needed. 
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Figure 7.  Example of transect and elevation data used to determine the vulnerability of a pump station in 
Wiscasset.  The pump station is denoted by a thick dashed black line. The dashed dark blue line is the 100-year 
base flood elevation of 10 feet NAVD; yellow line is 13 feet NAVD; red line is 14 feet NAVD; light blue line is 
16 feet NAVD.  Image from Wright-Pierce. 
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ROAD LOG 
Mileage 
0.0 STOP 1.  (UTM Zone 19N 457,412.871 m E, 4,875,568.383 m N)  Parking lot. 
0.07 STOP 1-A.  Walk along the existing seawall approximately .07 miles. 
0.12 STOP 1-B.  Continue to walk along the seawall about .05 miles to the public boat launch. 
0.17 STOP 1-C.  Walk north approximately 0.05 miles to Misery Gulch. 
0.22 STOP 1-D.  Walk southeast approximately 0.05 miles to the low-point in the parking lot. 
0.34 STOP 1-E.  Walk northeast, across Main Street to Stop 1E, at the northern end of the peninsula. 
0.50 Return to STOP 1 to gather into cars and proceed to Stop 2. 
0.60 Leaving the parking lot, turn left onto Water Street, then left onto Main Street.  
1.0 Follow Main Street to US for 0.4 miles, and turn left onto US 1 Business South. 
1.5 Merge onto US Route 1 South and continue south for 6.8 miles.  
8.3 Turn right onto Railroad Ave to Stop 2.  (UTM Zone 19N, 446,857.757 m E, 4,872,583.348 m N). 
8.4 STOP 2-A.  Walk north on Water Street to the plant on your right. 
9.0 Walk south on Water St and Railroad Ave across Route 1to the public pier, which is STOP 2-B.   
9.6 Return to STOP 2, gather in cars.  End of trip. 

 
STOP LOCATIONS 

 
There are many opportunities in Damariscotta to grab a quick lunch.  Assemble at the Damariscotta public 

parking lot behind the US post office.  Be sure to park in appropriate spots – check for signage!  We will be walking 
from this staging area (Stop 1) to five different sites along the parking lot waterfront, and on the other side of Main 
Street - total distance will be less than 0.5 miles (Figure 8A).  Once the Damariscotta stop is complete, we will 
return to the parking lot, assemble, and drive to the Wiscasset site (Stop 2), about 8.3 miles south on Route 1.  
Wiscasset will include two different stops, with required walking of about 1.2 miles total (Figure 8B). 

 STOP 1:  PARKING LOT.  Park in the public parking lot, as available, and meet near the water behind the US 
Post Office.  From here, we will walk to the different stops. 
 
 STOP 1-A:  SEAWALL.  Walk about halfway along seawall to the stop.  Discuss the project background, 
additional vulnerability and adaptation work, discuss flooding problems. 
 
 STOP 1-B:  BOAT RAMP.  Walk to the boat ramp.  Discuss how utilities and the boat ramp present 
challenges for adaptation. 
 
 STOP 1-C:  MISERY GULCH.  Discuss the history of Misery Gulch, past retrofitting of private 
infrastructure, and proposed adaptation measures. 
 

 
Figure 8 A) Stops at the Damariscotta site visits.  B) Stops at the Wiscasset site visits. 
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 STOP 1-D:  PARKING LOT.  Discuss the challenge of 2-way drainage and structure-by-structure analysis. 
 
  STOP 1-E:  NORTH PENINSULA.  From 1-D, walk north across Main Street to the northern end of the 
parking lot.  Discuss the adaptation strategies for the northern part of the peninsula.  Return to vehicles and depart 
for Stop 2.  Wiscasset is 8.3 miles on Route 1 south.  To reach Stop 2, turn immediately right onto Railroad Ave. 
after going over the Sheepscot River into Wiscasset. 
  
 STOP 2:  PARKING LOT.  Park at the northern terminus of Railroad Ave. and meet the group. 
  
 STOP 2-A:  WASTEWATER PLANT.  Walk to the plant.  Discuss history of the plant, the vulnerability 
assessment methodology, at-risk infrastructure, and initial plans for retrofitting. 
 
 STOP 2-B:  PUBLIC PIER.  Walk south on Railroad Ave., crossing Route 1, to the public pier.  You will pass 
Red’s Eats if you want a snack!  At pier, discuss vulnerability and potential adaptation of pump station and past 
work to create more resilient public pier infrastructure.  Return to vehicles. 
 

REFERENCES 
 
Maine Geological Survey and Lincoln County Regional Planning Commission, 2013, Lincoln County Sea Level 

Rise – Coastal Hazard Study, http://lcrpc.org/sea-level-rise-scenarios 
 
Maine Department of Environmental Protection, 2016, Highest Annual Tide (HAT) Levels for Year 2016, Maine 

Coast from Eastport to Kittery. 
  https://www1.maine.gov/dep/land/slz/predictions.pdf 
 
Milone and MacBroom, 2015, Adaptation Planning Study: Downtown Waterfront Area, Damariscotta, ME, 42 pp.  
 
National Oceanic and Atmospheric Administration, 2015, Tide Tables 2015, High and Low Water Predictions:  East 

Coast of North and South America including Greenland, 412 pp. 
 
National Oceanic and Atmospheric Administration, 2012, Global Sea Level Rise Scenarios for the United States 

National Climate Assessment, NOAA Technical Report OAR CPO-1, Silver Spring, MD, 33 pp. 
  https://scenarios.globalchange.gov/sites/default/files/NOAA_SLR_r3_0.pdf 
 
New England Interstate Water Pollution Control Commission, 2016, TR-16:  Guides for the Design of Wastewater 

Treatment Works. 
  http://www.neiwpcc.org/neiwpcc_docs/What'sNew_TR-16_rev2011.pdf 
 
United States Army Corps of Engineers, 2015, Sea Level Change Curve Calculator 2015.46, 

http://www.corpsclimate.us/ccaceslcurves.cfm 
 
Wiscasset, 2016, Town Website: Waste Water Treatment Plant, 

http://www.wiscasset.org/departments/waste_water_treatment_plant/ 
  

313

http://lcrpc.org/sea-level-rise-scenarios
https://www1.maine.gov/dep/land/slz/predictions.pdf
https://scenarios.globalchange.gov/sites/default/files/NOAA_SLR_r3_0.pdf
http://www.neiwpcc.org/neiwpcc_docs/What'sNew_TR-16_rev2011.pdf
http://www.corpsclimate.us/ccaceslcurves.cfm
http://www.wiscasset.org/departments/waste_water_treatment_plant/


C4-20 SLOVINSKY, WYMAN, FAUNCE, EDGERTON AND PRYOR 
 

NOTES 

314



C5-1 

 
IMPACTS OF RISING SEA LEVEL ON PREHISTORIC HUMAN OCCUPATION 

OF THE CENTRAL MAINE COAST 
 

By 
 

Bruce J. Bourque, Maine State Museum, 83 State House Station, Augusta, Maine, 04333, and 
Thomas K. Weddle, Maine Geological Survey, 93 State House Station, Augusta, Maine, 04333 

bbourque@bates.edu and Thomas.K.Weddle@maine.gov 
 

INTRODUCTION 
 
 Throughout the Holocene, rising sea level directly impacted humans occupying the coastal zone.  This trip will 
examine archaeological sites ranging in age from about 8,500 years before present (yr BP) to 2,500 yr BP, whose 
locations depended upon a lower former sea level. 
 
 The surficial geology of the Brunswick-Topsham area records glacial and post-glacial processes. By around 
26,000 yr BP, the Laurentide Ice Sheet had reached its maximum extent 300 to 400 kilometers to the southeast of 
the Maine coast. Subsequent glacial retreat and marine transgression occurred, depositing moraines and other till 
formations interbedded with glaciomarine sediments. Sea level in the field trip area reached a maximum elevation of 
nearly 300 feet above present sea level, attained between 14,000 and 13,500 yr BP. After this time, isostatic uplift 
exceeded sea level rise, and the shoreline began to rapidly retreat, resulting in numerous depositional features 
associated with marine regression, such as the Brunswick sand plain, the age of which is constrained to between 
12,500 and 12,000 yr BP (Retelle and Weddle, 2001). During the time of deposition, the shoreline was still 
regressing and would reach its lowest point around 10,500 yr BP.  Sea level rise then exceeded isostatic rebound, 
resulting in the most recent marine transgression. Human occupation of Maine began around this time, as sea levels 
continued to rise and shape the landscape. For further information on the glacial history of the area refer to field trip 
B5 in this guidebook (by Weddle and others) and Weddle and Retelle (2001). 
 
 The first humans in North America are known to archaeologists as Paleo-Indians.  Maine had a large Paleo-
Indian population.  Unfortunately, we have yet to discover a major Paleo-Indian site in the field trip area, but we are 
eventually likely to, because the area is rich in Early-Holocene sand dunes.  For reasons we do not yet understand, 
Paleo-Indian sites are strongly associated with these dune areas. 
 
 The prehistoric population of the Merrymeeting Bay region was heavily dependent upon marine and aquatic 
resources.  The many archaeological sites found along the Bay were mostly fishing stations located at falls where 
anadromous fish, like salmon, river herring, and sturgeon, schooled up before ascending the falls. However, rising 
sea level submerged one falls after another, causing the focus of fishing to shift upriver.  This means that the oldest 
sites tend to be located farthest downstream. Currently, the Androscoggin River in this area is tidal, with a low-
grade, anastomosing channel. We will see how shifts in the channel over several thousand years have affected 
archaeological site locations. 
 
 The prehistoric importance of the Bay’s marine resources is reflected in the symbolic presence there of two Red 
Paint cemeteries.  These cemeteries were burial places for Maine’s famed “Red Paint People,” a remarkable and 
widely-known culture that traded all over eastern North America from the Great Lakes to Labrador, were the earliest 
people in the world to hunt swordfish, and buried their dead with elaborate offerings that included the earliest found 
in North America.  During the field trip, the leaders will display  artifacts from this and the other prehistoric cultures 
that are represented in the area’s archaeological record.  Examples of artifacts, including some from the sites to be 
visited in this trip, are shown in Figures 3-8, and in Figure 11. 
 
 The field trip stops are shown on Figure 1, superimposed on the surficial geologic map of the Brunswick 
quadrangle (Weddle, 2001).  A topographic map of the Merrymeeting Bay area is shown in Figure 2 to give the 
current regional context. 
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Figure 1.  Location of stops on the surficial geologic map of the Brunswick quadrangle (after Weddle, 2001). 
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Figure 2.  Merrymeeting Bay and surrounding region at the confluence of the Androscoggin and Kennebec rivers. 
Rectangle indicates outline of Figure 1.  Stop locations are shown. (Basemap source:U.S. Geological Survey). 

 
ROAD LOG 

 
 Assemble at 9:00 a.m. at the southeast corner of Dick's Sporting Goods parking lot, nearest the road in front of 
Petco, 131 Topsham Fair Mall Road, Topsham, Maine (421100 E, 4864903 N).  Note: all geographic coordinates in 
this field trip guide are in WGS84 UTM Zone 19N datum. 
 
Mileage 
 
0.0  Walk across Topsham Fair Mall Road at the cross walk to Stop 1. 
 
STOP 1. DUNES NEAR THE TOPSHAM FAIR MALL IN TOPSHAM (421106 E, 4865016 m N). 
  

This is typical terrain for Paleo-Indian sites, although no evidence of their presence at this particular location 
has been recovered. Eolian deposits like these sand dunes and others mapped to the south accumulated after 
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formation of the Brunswick sand plain, when the climate was warming but vegetation had not yet stabilized the 
landscape (Weddle, 2002). 
 
0.0  Return to vehicles. 
0.0  Turn right on Topsham Fair Mall Road, heading southeast. 
0.5  Turn left onto Winter St. 
1.3  Turn right onto Route 201 South (Main Street). 
1.6  Cross Androscoggin River.  At end of bridge, stay in left lane. 
1.8  Cross Route 1 overpass and turn left toward Route 1 North (onto Mason Street). 
1.9  Stay in right lane, continue straight. Continue straight (now Cressey Rd.) onto Route 1 North. 
4.5 Take the exit for Route 24 (Cook's Corner, Brunswick Executive Airport, Orr's-Bailey Isls.).  Merge left, 

preparing for left turn. 
4.6  Stoplight at Cook's Corner.  Turn left onto Bath Road. 
5.1  Turn left onto Old Bath Road. 
6.5  Turn left into farm yard and park. 
 
STOP 2. SIMPSON-STEWART FARM, OLD BATH ROAD, BRUNSWICK  (428154 E, 4864037 N). 
  

This site complex lies adjacent to a submerged falls or rapids with an associated plunge pool.  On a knoll 
located close to the road, archaeologists recently discovered an 8,500-9,000-year-old cemetery.  Closer to the river 
were seasonal encampments during that and later periods up to about 6,000 years ago. 
 

 
 
Figure 3.  Artifacts from Maine Paleo-Indian sites.  One site of this period is known in Brunswick, located near Stop 
2.  Unfortunately, access is severely restricted. 
 
6.5  Turn right onto Old Bath Road and retrace the route to join Route 1 South as follows. 
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7.8  Turn right onto Bath Road.  Stay in right lane. 
8.2  Turn right onto Gurnet Road and get into left lane. 
8.7  Merge onto Route 1 South. 
10.5  Take exit for Route 196 West (toward I-295 North, Topsham/Lewiston). 
10.8  Continue onto Route 196 West. 
11.3  Turn right at stoplight onto Bypass Drive (to Route 24). 
11.4  Stop sign. Turn right at T-intersection onto Route 24 South (Middlesex Rd). 
11.5  Turn left (before overpass) onto Foreside Road. 
13.0  Turn right onto dirt road. 
 
STOP 3. HUNTER FARM, FORESIDE ROAD, TOPSHAM  (426096 E, 4863578 N). 
  

On the Hunter Farm are located three closely-related prehistoric sites that were extensively excavated by the 
Maine State Museum over twenty years.  The sites are situated on levees in such a way that succeeding floods 
deposited silt covering one occupation layer after another, creating a stratified archaeological site, something of a 
rarity in northern New England. 
 

The feature that attracted prehistoric humans to this location was a ledge that extended across the river channel, 
creating a schooling place for anadromous fish.  The end points of this ledge are easily seen today on both sides of 
the main river channel (Figure 10). 
 

The Hunter Farm site complex was occupied beginning around 3,000 years ago, just as the region’s prehistoric 
population was recovering from very low levels.  We will discuss this re-emergence while at the site.  This is also 
the time when pottery-making first appears in the Northeast, which marks the beginning of what archaeologists call 
the Ceramic Period.  You will see examples of this pottery at the site. 
 

Across the channel from the site complex is an island on which the Maine State Museum recently discovered 
and excavated a Red Paint cemetery.  You will have a chance to examine artifacts recovered during these 
excavations. 

 

 
 
Figure 4.  Plummets and figurines from various Red Paint cemeteries.  The zoomorphic plummet in the upper left 
was found at the Ormsby cemetery, Stop 5. 
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Figure 5.  Bayonets of ground slate from various Red Paint cemeteries.  Specimen at the right is from the cemetery 
on an island that lies just to the south of the Hunter Farm sites. 
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Figure 6.  Pottery sherds from the Hunter Farm sites, Stop 3. 
 

 
 
Figure 7.  Late prehistoric arrowheads, some of which came from the Hunter Farm sites, Stop 3.  These examples 
are made of materials exotic to Maine, indicating wide-spread exchange of raw materials during late prehistory 
throughout the Northeast. 
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13.0  Turn right (east) on Foreside Road. 
15.6  Park on the side of the road. 
 
STOP 4A. FOSSIL RIVER CHANNEL, FORESIDE ROAD, TOPSHAM  (428250 E, 4867093 N). 
  

This stop involves two locations.  The first is a fossil river channel that is crossed by the Foreside Road (Figure 
9).  The channel connects Muddy River and the main channel of the Androscoggin. Radiocarbon dating has 
demonstrated that it was active as recently as 3,500 years ago. Sediment infilling and channel abandonment were 
complete by 2,860 ± 40 BP (Adkins, 2000).  This explains the highly anomalous archaeological site we will visit at 
the second stop, Stop 4B. 
 
15.6  Continue along Foreside Road. 
16.3  Park on the side of the road. 
 
STOP 4B. CAREY’S GARDEN SITE  (428094 E, 4868085 N). 
  

The 3,600-year-old Carey’s Garden site was excavated by the Maine State Museum in the 1980s.  It is highly 
unusual in several respects.  First, it faces northward, while over 95 percent of Maine archaeological sites face south 
to east. Second, most Maine archaeological sites lie on active channels suitable for the passage of anadromous fish, 
while the Muddy River today is a sluggish deadwater.  Examining its channel reveals that this was not so in the past, 
for the channel is wide, now filled in with sediment.  However, connecting the dots between the fossil channel and 
the mouth of the Muddy River today suggests that the Muddy was an active channel of the Androscoggin when the 
site was occupied.  Under these conditions, it would have been an ideal fishing station. 
 

The third unusual aspect of the Carey’s Garden site is that it was intensively, if seasonally, occupied by only 
one group, which archaeologists refer to as the Susquehanna Tradition.  This was a group of immigrants from the 
southern Appalachian region that moved northward to take over the region formerly occupied by the Red Paint 
People, who suddenly and mysteriously disappeared around 3,700 years ago. The Carey’s Garden site has all the 
earmarks of a frontier settlement. 
 

The Susquehanna tradition persisted in Southern New England for nearly a millennium.  In Maine, however, 
while it arrived early in the group’s northward movements, it also disappeared after only a brief stay of around two 
centuries, which were followed by a pretty major hiatus in human occupation of the region. 
 
 
 

 
Figure 8.  Projectile points or (more probably) knife blades 
of the Susquehanna tradition.  Specimen at center bottom is 
from Carey’s Garden, stop 4B. 
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Figure 9.  Aerial imagery (left) and "bare earth" hillshade image from two-meter LiDAR (right) showing the fossil 
river channel that once connected the main channel of the Androscoggin with the Muddy River.  Stops 4A and 4B 
are shown. (Imagery sources: ArcGIS Online and Maine Office of GIS). 
 
16.3  Continue along Foreside Road heading north. 
16.7  Turn left onto Route 24 South (Middlesex Rd). 
21.7  Turn left onto Route 201 South (Main St).  Continue straight on Route 201 into Brunswick (Maine St). 
22.6  Park on the left along Brunswick Commons for LUNCH at the gazebo. 
 
22.6  Continue south along Maine St. 
22.7  Turn left onto Route 24 South (Bath Rd). 
25.1  Approaching Cook's Corner, use the left 2 lanes to turn left onto Gurnet Rd. 
25.6  Stay in the left lane and enter Route 1 South. 
26.3  Turn right onto Ormsby Way. 
26.4  Park at the Ormsby Site. 
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STOP 5. ORMSBY SITE COMPLEX  (425435 E, 4862364 N). 
  

The Ormsby site complex is comprised of two adjacent sites, one on a low terrace next to the Androscoggin 
River and the other on a high adjacent terrace (Figure 10).  On the low terrace is a village site of the Red Paint 
People, radiocarbon dated to 4,000 B.P.  Also found here is evidence of later occupation by people of the Ceramic 
period. 
 
 On the high terrace are traces of an early infant cremation dating to around 9.000 years ago.  The major feature 
of the terrace, however, is another Red Paint cemetery dating to around 3,800 years ago, just a bit later that the one 
on the island off the Hunter Farm.  This cemetery demonstrates the Red Paint People’s inclination to locate their 
mortuary sites on prominent landforms. 
 

 
 
Figure 10.  Aerial imagery (left) and hillshade image from two-meter LiDAR (right) showing the prominent 
northeast-trending island in the Androscoggin between stops 3 and 5.  The northeast trend is controlled by the 
bedrock structure.  The surficial geologic map (Figure 1) shows that bedrock is only thinly covered by 
unconsolidated glacial sediment and bedrock outcrops are present on both sides of the river and on the island.  
(Imagery sources: ArcGIS Online and Maine Office of GIS). 
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Figure 11.  Projectile points from two periods.  On the left are points dating around 8,500 years B.P. Specimen on 
lower right is from the Ormsby site.  On the right are ceremonial projectile points made of materials from Lake 
Champlain, Vermont, and Lake George, New York.  This style was imported exclusively for ceremonial use.  They 
are found only in Red Paint cemeteries.  Specimen on the lower right is from the Ormsby cemetery. 
 
 
RETURN TO TOPSHAM MALL PARKING AREA 
 
26.4  Return along Ormsby Way the way we came. 
26.5  Turn right, merging onto Route 1 South. 
27.7  Continue straight.  (Do not take this exit.) 
28.4  Exit right, toward Routes 201 and 24 North, toward Topsham. 
28.6  Stoplight at end of ramp. Turn right onto Route 24 North (Main St). 
28.8  Cross Androscoggin River.  Note northeast trend of bedrock structure. 
29.1  Turn left onto Winter Street. 
29.9  Turn right onto Topsham Fair Mall Road. 
30.4  Turn left into parking lot where we began the trip to retrieve cars. 
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