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Abstract
Mercury and polychlorinated biphenyl (PCB) contaminants continue to leach out of the bedrock
and till beneath the former chlor-alkali facility despite remedial efforts conducted in the 1990s to
contain the toxins. This study defines how contaminants could be escaping the site through
bedrock structures.
Bedrock geology mapping in Berlin, NH was conducted as part of a USGS State Map
program to define bedrock units and structural features within the northern half of the Berlin 7.5’
Quadrangle. In addition, the identification of groundwater transmissible features in the area
continued previous efforts to define the escape of contaminants via groundwater flow from the
former chlor-alkali facility. Previous USGS reports recorded bedrock units and features from the
riverbank adjacent to the site and identified fracture domains interpreted from local field data.
The updated regional bedrock data allowed us to better identify and contextualize brittle
and ductile structures recorded at the former chlor-alkali facility. The research also produced an
expanded dataset of groundwater transmissible features measured in the field, including
Mesozoic joint fractures, silicified zones, cylindrical folds and chlorite schist xenoliths. Lastly, a
LiDAR hillshade analysis of fractures across the entire quadrangle was conducted. LiDAR
hillshade raster imagery on ArcGIS was not available during previous studies, and this analysis
provided a valuable way to confirm fracture domains at a regional scale.
Measurements of brittle and ductile features surrounding the former chlor-alkali facility
indicated the presence of a syncline structure running from the former chlor-alkali facility
towards the Androscoggin River. This structure could facilitate groundwater flow from the site
to the river. Fractures were found to primarily exist in three main domains: NE-SW, NW-SE and
E-W. Fractures striking NE-SW appeared to dominate the regional domain surrounding the
former chlor-alkali facility.
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1. Introduction
1.1 Overview
Berlin, New Hampshire is a classic example of a city whose industrial development has cost the
health of the surrounding ecosystem. The city was founded by loggers in the mid nineteenth
century, and by the early twentieth century, was established as a hub of timber processing and
paper and pulp production. In 1898, the timber processing plants were joined by a chlor-alkali
facility, which produced chlorine gas from a mercury brine solution. Although the facility was
shuttered in 1963, NHDES (New Hampshire Department of Environmental Services)
researchers, including Fred McGarry, John Cotton and Margaret Bastien discovered significant
amounts of elemental mercury and polychlorinated biphenyl (PCB) contaminants within the
glacial till and bedrock adjacent to the facility (Degnan et al., 2005). Efforts to contain the
contaminants were conducted in the mid 1990s in an attempt to avoid long-term ecosystem and
groundwater resource damage. Despite the addition of a retaining structure and excavation of
over 135 pounds of elemental mercury, contaminants continue to leach out of the till and bedrock
beneath the superfund site. One study in particular has indicated that elevated levels of mercury,
PCBs and chloride exist within the Androscoggin river and ecosystem downstream of the
superfund site (Chalmers et al., 2013). As a result, continued studies of the region’s geology are
essential to properly understand the hydraulic properties of the region and identify effective
cleanup and containment procedures that would preserve the health of critical resources for the
Berlin community. This type of remediation is critical to address the decades of environmental
damage caused by the industrialized lifestyle of New England residents.
This study relies on newly available bedrock mapping data and LiDAR hillshade imagery
to better understand the distribution of contaminants from the chlor-alkali site into other parts of
the Berlin 7.5’ quadrangle. The new bedrock mapping data of this quadrangle has allowed us to
identify brittle and ductile deformation features that could transmit groundwater through the
subsurface. LiDAR hillshade data from 2015 surveys compiled on the UNH GRANIT database
were used to confirm the distribution of transmissible features across the quadrangle (GRANIT,
2015). The LiDAR data was not available at the time that previous studies were written, and
provides an important regional perspective of transmissible structures. Bedrock and remote
sensing data were incorporated in multiple maps as well as an updated three-dimensional
geologic model that inform groundwater flow from the former chlor-alkali facility. These results
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were used to help explain elevated levels of mercury, PCBs and other harmful contaminants
found in Berlin quadrangle and to inform better remediation and containment efforts at the
superfund site.
1.2 Study Area
The chlor-alkali site is located on the eastern bank of the Androscoggin river in central Berlin,
New Hampshire, adjacent to the Sawmill Dam hydroelectric facility. New mapping data
collected during this study is restricted to the northern half of the Berlin 7.5’ quadrangle, which
occupies the northwest corner of the Gorham quadrangle at a scale of 1:62,500. The Berlin
quadrangle was last mapped at this scale almost forty years ago by Billings and Fowler-Billings
as part of the New Hampshire Geological Survey in their documentation of the larger 15’
Gorham quadrangle (Billings and Fowler-Billings, 1975). Although later publications have
included the region in smaller-scale projects (Moench et al., 1999; Lyons et al., 1996), the field
work from this summer was the first research at a scale comparable to the original map created
by Billings and Fowler-Billings (1975).
The Berlin quadrangle includes a major contact between the Ordovician intrusive and
volcanic rocks of the Bronson Hill Arc and the Silurian and Devonian metasedimentary rocks
forming the Central Maine belt. The contact is referred to in this study as the Mahoosuc fault.
Local members of the Bronson Hill belt include the Oliverian Plutonic suite, dated to about 454
+/- 5 Ma, which is overlain by the slightly older Ammonoosuc Volcanics, dated at 461 +/- 8 Ma
(Billings and Fowler-Billings, 1975). Mapping attempts by Billings, Moench and Lyons indicate
a relatively straightforward boundary between the igneous and volcanic Bronson Hill Arc and
the metasedimentary Central Maine Belt, with Moench introducing the Mahoosuc fault just east
of Berlin (Moench et al., 1995; Lyons et al., 1997; Moench and Aleinikoff, 2002). Recent
research by Eusden et al. in the summers of 2019 and 2020 a indicates that the boundary has a
more complex structure (Eusden, 2010; Eusden et al., 2017) but still runs through the southeast
corner of the Berlin quadrangle.
Figure 1 displays a topographic/orthographic composite map of the Berlin quadrangle,
Figure 2 shows downtown Berlin as a satellite image, and Figure 3 indicates the location of the
cell-house facility within the Berlin quadrangle and the state of New Hampshire. Figure 4
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portrays the results of the last specific mapping of the Berlin quadrangle from Billings and
Fowler-Billings (1975).
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Figure 1: USGS topographic/orthographic composite map of the Berlin quadrangle (USGS,
2018). The site of the chlor-alkali facility is outlined in red.
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Figure 2: Satellite image of downtown Berlin, with the red square indicating the location of the
chlor-alkali facility.
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Figure 3: Location of the chlor alkali facility within downtown Berlin and on the New
Hampshire state map (Degnan et al., 2005).
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Figure 4: Billings bedrock map of Berlin 7.5’ Quadrangle (Northwest corner of the
Gorham 15’ quadrangle (Billings and Fowler-Billings, 1975). The chlor-alkali facility is
outlined with the red square. The orange and green units indicate two members of the
Bronson Hill Arc: the Oliverian Plutonic Suite (including Oobg) and the Ammonoosuc
Volcanics (Oam), respectively. The tan polygon represents the Littleton Formation and
the pink shades represent the Concord and Kinsman Quartz Monzonite, all of which are
members of the Central Maine Terrane (CMT) (Billings and Fowler-Billings, 1975).

1.3 Industrial History
The relatively high average discharge and steep gradient of the Androscoggin River in the Berlin
area allowed a number of industrial activities to expedite early development of the city. Timber
processing operations were responsible for the initial growth of the city in the early 19th century.
The first large sawmill was built in the 1850s for H. Winslow and Co., and a number of pulp and
paper mills were established by the late 1880s. Like many northern New England industrial
towns, mill activity has declined since the mid-twentieth century, and today the only major
industries operating in downtown Berlin are the Cascade Paper mill and the Burgess Biopower
plant. Six dams still remain between Berlin and Gorham, and are used primarily to assist with
reservoir control and hydroelectric power generation (Degnan et al., 2005). Most of the dams,
including the Sawmill Dam opposite the former chlor-alkali facility, are managed by the
Brookfield Company, a global renewable power investor that manages hydro, wind and solar
infrastructure on an international scale.
Although Berlin is known for its timber processing heritage, other industries capitalized
off the abundant hydro power including a chlor-alkali facility operated by the Brown Paper
Company between 1898 and 1965 (Kennedy/Jenks, 2018). The plant produced chlorine gas and
sodium hydroxide using an electrochemical process involving elemental mercury
(Kennedy/Jenks, 2018). Over the decades, the bedrock and overburden became highly polluted
with liquid, dissolved, and amalgam mercury as well as PCB and TEQ toxins (Kennedy/Jenks,
2018). In the 1990s, elemental mercury was discovered leaching from bedrock fractures and
overburden in the riverbank near the cell-house site; and PCB and lead levels were found to
exceed federal standards (Degnan et al., 2005; Kennedy/Jenks, 2018). The area was declared a
federal Superfund site, and a number of remedial efforts were executed to contain the toxins. All
facility buildings on the site were demolished, a synthetic cap and Bentonite-soil slurry retaining
wall were installed, and bedrock along the riverbank was pressure grouted (Degnan et al., 2005;
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Kennedy/Jenks, 2018). These physical barriers were intended to isolate the contaminated till and
overburden from groundwater that could carry the toxins to the Androscoggin River or
groundwater resources (Degnan et al. 2005). Despite these remedial efforts and the removal of
over 135 pounds of elemental mercury from the overburden, the pollutants continue to leach out
of the site through groundwater in bedrock fractures (Degnan et al., 2005). As a result, the
continued study of bedrock and surficial geology of the cell-house site and surrounding
quadrangle is crucial in order to identify the ways in which groundwater is penetrating the
retaining walls and carrying the toxins outside the site.
1.4 Tectonic History
Groundwater flow is influenced by a range of bedrock deformation structures, including dikes,
fractures, silicified zones and ductile foliation. As a result, a comprehension of the bedrock
geological history is critical to understand regional groundwater flow. The bedrock of the
Appalachians was formed as a result of a long and complex series of accretionary events. The
bedrock units were subjected to a range of ductile deformations, and then experienced long term
exhumation resulting in widespread brittle fracturing (Faure et al., 2004). Regional extension as
a result of the breakup of Pangaea in the Mesozoic as well as the continued exhumation in the
Quaternary created most of the brittle joints and silicified zones in the region (Faure et al., 1996;
McHone and Butler, 1984).
The New England and Canadian Maritime Appalachians were created during several
significant events of episodic orogenesis caused by the accretion of four crustal ribbons:
Dashwoods, Ganderia, Avolonia and Meguma. The locations of collision-related deformation,
metamorphism, and magmatism progressed eastward as the four terranes accreted in their present
location (van Staal et al., 2009). There are four main deformation events that resulted from the
accretion of these terranes: the Taconic, Salinic, Acadian and Neoacadian orogenies (Eusden,
2010). Most of the large-scale plutonic bodies in the region were deformed to their current state
by the third and latest phase of the Taconic orogeny. However, the Alleghenian orogeny, which
occurred directly after the Neoacadian orogeny, also influenced the foliation and structure of the
plutons and was responsible for many of the brittle Mesozoic structures (Faure et al., 1996; Faure
et al., 2004; McHone and Butler, 1984; McHone et al., 1987). The Mesozoic features are of
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particular relevance to the hydraulic character of the site, as water tends to flow easily through
brittle joints and dikes.
1.4.1 Taconic Orogeny
The Taconic Orogeny can be separated into three events that are kinematically distinct but shared
the same time period and location. The first began in the Late Cambrian (495 Ma) and the third
ended in the Early Ordovician (450 Ma) (van Staal et al., 2009). Together, the three events
resulted in the closing of the Taconic Seaway as various members of the Laurentian margin
accreted on the eastern edge of the continent (van Staal et al., 2009). All three stages are
illustrated below in Figure 5.
Taconic 1
In this orogeny, the Lush’s Bight oceanic tract was obducted onto the peri-Laurentian
Dashwoods terrane as a result of rapid slab roll-back of the west-dipping subduction zone
beneath the Lush’s Bight group (van Staal et al., 2009). The event is illustrated in the first model
in Figure 5. Evidence of the event is restricted to a relatively narrow belt of rocks that included
mélange and ductile deformation features but no regional folding events on a regional scale (van
Staal et al., 2009). Geochronological dating from the Sleepy Cove Group in Notre Dame Bay
(Elliott et al., 1991) and a garnet amphibolite unit in Belvidere Mountain (Laird et al., 1993) are
two widely accepted constraints on the timing and character of the Taconic Orogeny (van Staal
et al., 2009). The event was considered short-lived, and lasted between only 495 and 492 Ma
(van Staal et al., 2009).
Taconic 2
In the Taconic 2, the Early Ordovician west-facing peri-Laurentian arc collided with the Humber
margin, and the oceanic lithosphere beneath the Taconic Seaway was obducted (van Staal et al.,
2009). Taconic 2 is considered the primary Ordovician orogenic phase in the Appalachians, and
resulted in the intrusion of lower Ordovician arc plutons. The subduction of these terranes
caused the intrusion of the Late Ordovician Plutons (van Staal et al., 2009), which created most
of the major units found in the Bronson Hill Anticlinorium (BHA). The BHA is a family of
rocks that includes various plutonic units within the northern Appalachians. The two most
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significant BHA rocks found in the Berlin quadrangle are the Ordovician Amonoosuc Volcanics
(Oam) and the Oliverian Plutonic suite, described later in the Introduction. The Taconic 2 event
resulted in the closing of the Taconic Seaway (van Staal et al., 2009). Figure 5 also displays the
schematic of the primary events of the orogeny.
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Figure 5: Diagram demonstrating the three phases of the Taconic Orogeny (van Staal et al.,
2009)

Taconic 3
The third phase of the Taconic orogeny occurred as the result of the Caradoc (460-450 Ma)
collision between the east-facing Middle Ordovician peri-Laurentian arc that was previously
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accreted to Dashwoods with the Peri-Gondwanan arc, which constituted the leading edge of
Ganderia (van Staal et al., 2009). Most of the rocks that were created and influenced by the third
Taconic event are located in a narrow belt along the Mekewe’jit Line (van Staal et al., 2009) and
include the Bronson Hill and Shelburne Falls arcs, as shown in Figure 6. As a side note, the term
Mekewe’jit Line is used to describe the Red Indian Line in order to continue the proposal by
John Waldron in his 2021 NEGSA talk to use a term that better reflects the communities native
to the areas that we study (Waldron et al., (2021). Despite this conscious change, several of the
figures in this report are illustrated with the abbreviation RIL.

Figure 6: Location of Bronson Hill Arc relative to various accretions during the Taconic,
Salinic, and Acadian orogenies (Valley et al., 2020)

The influence of the second and third Taconic orogenies on the Bronson Hill Arc and the
Oliverian Plutonic Suite have been interpreted in various ways, but recent dating methods
outlined by Valley et al. (2020) provide the most convincing explanation. Previous
interpretations proposed by Dorais et al. (2011), McDonald et al. (2017), and van Staal et al.
(2009) suggest that the Shelburne Falls and Bronson Hill arcs were created separately: the
Shelburne from an east-dipping subduction zone into the Laurentian margin during the Taconic
Orogeny, and the Bronson Hill Arc from a west-dipping margin on a different section of the
Iapetus Ocean farther to the east. Updated dating methods reported by Valley et al. (2020)
suggested that the Ammonoosuc Volcanics were peri-Gondwanan but that the younger plutonic
rocks that intrude them are Laurentian. Valley et al. (2020) proposes a new reconstruction in
which the Ammonoosuc Volcanics were pushed over the Laurentian margin during the third
phase of the Taconic Orogeny and then intruded by the Oliverian Plutonic Suite of the Bronson
Hill Arc, shown in Figure 7. This interpretation locates the Mekewe’jit line to the west of the
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Bronson Hill arc in a single-arc interpretation, shown in Figure 7 (Valley et al., 2020). It also
suggests that the formation of the Bronson Hill Arc, including the Ammonoosuc volcanics and
the Oliverian Plutonic Suite, occurred later in the Taconic Orogeny, between about 465 and 455
Ma (Valley et al., 2020).

Figure 7: Interpretation by Valley et al. (2020) of the location of the SFA-BHA arc to the east
of the Mekewe’jit Line based on recent geochemical dating evidence.

1.4.2 Salinic Orogeny
The Salinic Orogeny occurred in the early Silurian period (440-423 Ma) and was due to sinistral
oblique convergence (as opposed to dextral in the similar Acadian orogeny) during the midSilurian (430-422 Ma) collision between Gander margin and composite Laurentia. The event
followed the terminal closure of intervening Tetagouche-Exploit backarc basin, which had
separated the passive Gander margin from Ganderia’s leading edge, known as the Popelogan
Victoria arc. The Dog Bay Line marks the suture at which the two units converged and
eliminated the backarc basin, and although there are no rock units affected by the orogeny in the
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study area, it is an important source of Silurian metasedimentary rocks in quadrangles farther
north (Eusden et al., 2017). A diagram illustrating the event is shown in Figure 8a:

Figure 8: Tectonic reconstructions of the Salinic, Acadian and Neoacadian Orogenies from
the Early Silurian to the Late Devonian (van Staal et al., 2009)

1.4.3 Acadian Orogeny
The Acadian Orogeny occurred in the late Silurian to Early Devonian (421-400 Ma) as the
Salinic Orogeny neared its conclusion. The orogeny was a result of the subduction of Avalonia
beneath Laurentia following the closure of the narrow intervening Acadian seaway (van Staal et
al., 2009). Structural and magmatic influences from the Acadian Orogeny were first visible in
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the eastern part of New England, and gradually moved west throughout the orogeny (van Staal et
al., 2009). In the early Devonian part of the Acadian orogeny, an inferred folded thrust fault
formed in the southern part of the Berlin quadrangle and is currently referred to as D2 folding
(van Staal et al., 2009). Later deformation in the orogeny included the formation of the
Mahoosuc Fault, a dextral fault which bifurcates the Bronson Hill and Central Maine belts (van
Staal et al., 2009). The orogeny is illustrated in Figure 8b.
1.4.4 Neoacadian Orogeny
The Neoacadian Orogeny records the deformation, metamorphism and magmatism created when
the Meguma Terrane docked to Laurentia (van Staal et al., 2009). The date of occurrence is
generally constrained between the early Devonian to early Carboniferous (400-350 Ma).
Although Neoacadian orogenesis overlaps with the Acadian, deformation took place in different
areas in the Laurentian hinterland near the Appalachian front in New England (van Staal et al.,
2009). Most sources agree that, in general, the Neoacadian orogeny is associated with a dextral
oblique forming a dextral transpressive regime; largely as a result of northwest dipping flat-slab
subduction beneath Laurentia (van Staal et al., 2009). In the Berlin quadrangle, the orogeny
created the foliation of the Oliverian Plutonic Suite, most easily seen in the the Oliverian
Jefferson Dome and evidenced near the former chlor-alkali facility by the elongated biotite
crystals within the Oliverian gneiss (Oobg) unit (van Staal et al., 2009; Lyons et al., 1997;
Eusden et al., 2017). Formation of the two mica granite (CDtmg) units found in the eastern part
of the Berlin quadrangle are also attributed to Devonian Neoacadian orogeny. The orogeny is
illustrated in Figure 8c.
1.4.5 Alleghanian Orogeny
The Alleghanian orogeny was the result of the collision of Gondwana onto Laurentia in the Late
Carboniferous (345-300 Ma), recording the closure of the Rheic Ocean (Hatcher, 2010). The
collision contained a particularly large degree of rotation and transpression that resulted in the
dextral shear zones characterizing Alleghanian deformation. In the Berlin quadrangle, the
Bronson Hill units experienced shearing and mylotinization that were largely attributed of the
Permian era of the Alleghanian Orogeny (van Staal et al., 2009). Pink pegmatite intrusions,
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which are prevalent throughout the bedrock units surrounding the former chlor-alkali facility, are
also thought to have intruded the Oliverian and Ammonoosuc units at this time.
1.4.6 Mesozoic Rifting
Rifting events resulting from the breakup of Pangea in the early Jurassic period (200 Ma) created
the steeply dipping fractures and other brittle structures that are considered highly transmissible
for groundwater flow (van Staal et al., 2009). Today, many of these brittle structures have since
been intruded by newer dikes from various events that occurred later in the Mesozoic era, but in
most cases, these structures still allow for groundwater flow and may be important features for
the transport of contaminants near the former chlor-alkali facility (Faure et al., 1996; Faure et al.,
2006; McHone and Butler, 1984; McHone et al., 1987).
1.5 Previous Bedrock Mapping
Although the Berlin quadrangle has been included in small-scale compilations such as Lyons et
al., (1997) and Moench et al., (1995), the only previous map dedicated to the Berlin quadrangle
was produced by Billings and Fowler-Billings (1975). Billings and Fowler-Billings (1975)
correctly locate the boundary between Ordovician intrusive and volcanic rocks of the Bronson
Hill Anticlinorium (BHA) and the Silurian and Devonian metasedimentary rocks from the
Central Maine Terrane (CMT) within the Berlin quadrangle. The report pioneered a basic model
of younger Oliverian Domes composed of gneissic granitic rocks overlain by older Ammonoosuc
Volcanics (Billings and Fowler-Billings, 1975). The model was further developed by other
authors who included the region in smaller scale reports (Moench et al., 1995; Lyons et al., 1997;
Moench and Aleinikoff, 2002) However, recent field work and dating studies by Eusden et al.
(2010) and others have revealed a more complex model of internal shearing between the two
units, which were probably deformed during the early Silurian, early to late Devonian Acadian,
and Neoacadian orogenies (Eusden et al., 2017). The new data informs a more complete
understanding of the contact between the Ammonoosuc and Oliverian units, which in turn helps
to define regional domains of groundwater transmissible structures. According to the map by
Billings and Fowler-Billings (1975), the primary bedrock unit at the cell-house site is Ordovician
Oliverian biotite gneiss (Oobg), a member of the Oliverian Plutonic series described in the next
section, but field data has also revealed xenoliths of the Oam amphibolite and amphibolite
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altered to chlorite schist within the Oobg parent rock. As a result, new information about the
regional contact between Oliverian and Ammonoosuc units should inform the small-scale
bedrock geology near the cell-house site.
The USGS study authored by Degnan et al. (2005) presents the only previous detailed
bedrock mapping specifically at the cell-house site and in downtown Berlin. Traditional
mapping methods were used to constrain rock unit boundaries, describe rock unit characteristics
and identify major fracture sets. Characteristics of each rock unit were studied including distinct
fracture patterns, ductile features, grain size, and general capability for hydraulic conductance.
Geophysical data, including GPR and two-dimensional resistivity, were used to confirm the
fracture set locations and continuity throughout the ledge beneath overburden (Degnan et al.,
2005). The large-scale map of the outcrop adjacent to the former chlor-alkali facility is shown
below in Figure 9.
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Figure 9: Bedrock map from Degnan et al. (2005) indicating the locations of bedrock units
and fracture sets along the riverbank adjacent to the cell-house site (Clark and Degnan,
2005). Geology mapped by Stewart Clark. A brief description of rock units is included.
Degnan et al. (2005) found that the bedrock beneath the former chlor-alkali facility included a
massive host-rock with numerous xenoliths of Oam and chlorite schist. These units were
deformed by abundant steeply dipping fractures as well as ductile foliation features and silicified
zones (Degnan et al., 2005). Consistent with the bedrock map from Billings and Fowler-Billings
(1975), the host-rock was a member of the Oliverian Plutonic Series, referred to by Degnan et al.
(2005) as undifferentiated, fine, and coarse-grained gneiss or biotite quartz monzonite. The
monzonite was later confirmed in our own studies to be the same unit as Oobg. Within this body
were intrusions of pink pegmatite, which are thought to be of Ordovician origin (Eusden et al.,
2020). Small bodies of chlorite schist are also present, most of which were formed from
retrograde metamorphism of the Ammonoosuc Volcanic amphibolite units (Degnan et al., 2005).
Degnan et al. (2005) observed ductile structures including tight, isoclinal, northeast
trending F1 folds and folded foliation of Oliverian gneiss trending N. 38 degrees and dipping
steeply to the east or west for F2 folds. Zones of chlorite schist 10-20 cm thick run parallel to S1

29

foliation within the gray Oliverian gneiss (Degnan et al., 2005). The report by Degnan et al.
(2005) identified four major groups of brittle structures. The first includes shallow chloriteschist lenses dipping east or northeast. The second is en échelon fracture zones trending north or
northeast that intersect the east-trending structures. The third is parallel joint zones, and the
fourth is faults. These four features have different trends based on their location north-south
along the riverbank, as shown in Figure 9 (Degnan et al., 2005). In general, the northern third of
the outcrop contains east-northeast to east-southeast trending folded chlorite schist and planar
fracture zones. These intersect east-trending structures at the top of the middle third, including a
major zone of chlorite schist. Further down the middle third of the outcrop is a large tabular area
of unfractured pegmatite, followed by a zone of folded chlorite schist in the southern part of the
outcrop trending to the south.
Degnan et al. (2005) also mapped steeply dipping Mesozoic joint fractures in a region
that included most of downtown Berlin. A large quantity of fracture data coming from a blasted
area about 500 meters downstream of the former chlor-alkali facility near the penstocks to the
Riverside Dam. These results were summarized on a medium-scale map shown in Figure 10.
This medium-scale image did not include a detailed bedrock unit map as in Figure 9, but it did
illustrate the distribution of transmissible structures over the downtown area. As shown,
outcrops at which measurements were collected were labelled with azimuth-frequency plots
(rose plots) to summarize prominent fracture strikes (Degnan et al., 2005).
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Figure 10: Azimuth-Frequency plots for steeply dipping Mesozoic fractures near the cell-house
site (Degnan et al., 2005). This map covers the same region of the medium-scale analyses
described later in this thesis.
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Degnan et al. (2005) interpreted a domain boundary running NE-SW that divided fractures that
were largely N striking from features that were striking E-W (Degnan et al., 2005). The
interpretations shown in this map are useful to determine how contaminants from the former
chlor-alkali facility could continue to spread through bedrock beyond the site toward the
Androscoggin River watershed. In our new study, we created a similar medium-scale map from
a combination of fracture data collected by Degnan et al. (2005) as well as brittle and ductile data
measured during our own traverses.
Although Degnan et al., (2005) provide a detailed analysis of the bedrock geology of the
cell house site, the areas outside of downtown Berlin have not been studied in detail since
Billings and Fowler-Billings (1975). Our mapping data from the 2020 field season provides
contextual information from the entire quadrangle, changing the interpretations of the regional
structural features and providing insight into the nature of the cell house site map.
1.6 Rock Units
Although there are many rock units in the Berlin quadrangle, three main types constitute the
majority of the bedrock at the cell-house site.
The first and most abundant is the Ordovician Oliverian biotite gneiss, shown in Figure
11 as unit B, and referred to in our mapping scheme as Oobg. The rock is a member of the
Oliverian Plutonic Suite, which is a family of rocks within the Bronson Hill Arc dated around
454 +/- 8 Ma, that intruded the slightly older Ammonoosuc volcanic series (461 +/- 8 Ma)
(Billings and Fowler-Billings, 1975). According to Billings and Fowler Billings (1975) as well
as Moench et al. (1995), there are no contacts between the Ammonoosuc Volcanics and the
Oliverian units within the cell-house sites, although there are mapped contacts less than half a
mile away across the river (to the west) and towards the Mt. Carberry landfill (to the east). In
addition, small xenoliths of Oam were observed at the cell-house site within the Oobg parent
rock. The gneiss is characteristically coarse-grained, usually with clasts that indicate foliation
direction and, often, the orientation of nearby contacts with Ammonoosuc units.
The second unit is pink pegmatite, shown in Figure 11A with a rock hammer to scale.
Pegmatite is also a member of the Oliverian Plutonic Suite. The unit intrudes areas of Oobg and
Ammonoosuc Volcanics and is interpreted to be part of the Ordovician magmatism (Lyons et al.,
1997). The units are tabular bodies, coarse-grained, and typically massive but sometimes poorly
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foliated. Contacts with this unit are found nearby the former chlor-alkali facility as well as
throughout the Berlin quadrangle.
The third member is chlorite schist, shown in Figure 11C, which often populates nonplanar fractures or other forms of S foliation. This dark-green, medium to coarse-grained unit is
found throughout the site as discontinuous bands 3-50 cm thick, and is distinguished in hand
samples by the proportion of almost 50 percent chlorite and feldspar phenocrysts. The unit is
thought to have been formed by retrograde metamorphism of amphibole and biotite (Degnan et
al., 2005).

B. Oliverian Biotite Gneiss with Ammonoosuc
Volcanic (Oam) lenses

A. Pink Pegmatite

C. Chlorite Schist

Figure 11: Primary rock units found at the cell-house site, Berlin, New Hampshire.
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1.7 Previous Hydrologic Studies
Degnan et al. (2005) used groundwater level and river stage data to estimate the connectivity of
groundwater flow between the cell-house site and the river, as well as to identify the bulk
hydraulic properties of the rock. Gradients, groundwater flow directions, and
bedrock/overburden interaction were gathered in 2002 and 2003. Both continuous and monthly
measurements of river stage, specific conductance, groundwater level, and water temperature
were recorded (Degnan et al., 2005). Surface water temperature, stage and specific conductivity
on the Androscoggin river were taken at three surface-water measuring points, and most surficial
data was collected by Berlin Power (Degnan et al., 2005). Potentiometric-head maps of
groundwater in overburden and bedrock were created from synoptic surveys of 8 wells and
piezometers located at the cell-house site Degnan et al., 2005).
Degnan et al. (2005) combined this hydrologic data with the bedrock mapping and
geophysical data to create a geologic model that suggested patterns of groundwater flow through
the bedrock beneath the former chlor-alkali facility, represented by the illustration in Figure 12.
Several key findings from the results were identified based on the model. Groundwater flows
east to west across the site and tends to follow a stair-step pattern within the bedrock as it flows
from the overburden to the bedrock (Degnan et al., 2005). Groundwater in the overburden
aquifer is poorly connected through vertical bedrock fractures. Although the site cap eliminates
aquifer recharge from precipitation, regional groundwater flow may enter the cell-house site at
the perimeter through fractures, foliation features, or chlorite schist lenses (Degnan et al., 2005).
Degnan suggests that subhorizontal fractures may serve as the primary way in which
groundwater permeates the site perimeter and exits the bedrock into the Androscoggin river. As
a result, future analysis of regional lineaments and fractures surrounding the site could provide
valuable insight into groundwater flow paths.
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Figure 12: Schematic from detailing the results of bedrock mapping and hydrologic data from
studies conducted by Degnan et al., (2005) Blue arrows indicate the proposed direction of
groundwater flow.

Although Degnan et al. (2005) thoroughly document the bedrock geology and create a
convincing model of groundwater flow below at the former chlor-alkali facility, the report
provides little indication of how contamination has actually spread beyond the cell-house site.
An open-file USGS report by Chalmers et al., (2013) reported on the nature of mercury
speciation within the Androscoggin river watershed downstream of the site. The study evaluated
the Total Mercury in water, sediment and biota using a variety of methods including water and
sediment samples and studies on smallmouth bass, white sucker, tree swallows, and other local
species (Chalmers et al., 2013). They also assessed the mercury speciation along the
Androscoggin River. Three species of mercury were recorded in the watershed, including
elemental mercury (Hg0), inorganic divalent mercury (Hg(II)) and methylmercury (MeHg)
(Chalmers et al., 2013). Elemental mercury is the pure liquid substance initially stored at the
chlor-alkali facility, while inorganic divalent mercury is a tin-reducible form created during the
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oxidation of elemental mercury in the presence of oxygen, chloride, and thiol compounds
(Chalmers et al., 2013). Organic divalent mercury is converted into methylmercury by anaerobic
bacteria near the sediment-water interface (Chalmers et al., 2013). Methylmercury is the most
dangerous species to biota because it can be easily taken up by living organisms, and as a result,
the Chalmers report attempted to define where the conversion of elemental mercury to
Methylmercury was the highest (Chalmers et al., 2013). They found that there was a greater
potential for Hg(II)-methylation at lower gradient stream systems as a result of a number of
conditions, including sediment THg, percent fines, and redox potential (Chalmers et al., 2013).
Chalmers divided the Androscoggin River within the Berlin quadrangle into nine reaches
for spatial analysis. The report found that all three species of mercury were elevated downstream
of the point source in fine sediments (chlor-alkali facility) compared with reference sites located
upstream of the former chlor-alkali facility (Chalmers et al., 2013). Figures 13, 14 and 15 show
the 10-cm depth integrated concentrations of Total Mercury (THg), Organic Divalent Mercury,
and Methylmercury increase at reaches below the point source. Depth integration was crucial to
normalize against the different sizes of the reaches as well as their proportions of fine sediment
(Chalmers et al., 2013).
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Figure 13: Total Mercury (THg)
concentration from Chalmers et al. (2013) as
50th quartile in ng/g along nine reaches in the
Androscoggin River.
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Figure 14: Reactive Divalent Mercury
concentration from Chalmers et al. (2013) as
50th quartile in ng/g along nine reaches in the
Androscoggin River.

Figure 15: Methylmercury (MeHg)
concentration from Chalmers et al. (2013) as
50th quartile in ng/g along nine reaches in the
Androscoggin River.

In addition to the separate results of mercury species, the proportions between these species
changed between reaches upstream of the Berlin area and the reaches downstream of the former
chlor-alkali facility. The upstream reference sites had significantly larger proportions of organic
or particle-bound inorganic mercury (Hg(II)), while sites downstream had higher proportions of
nitric-acid extractable THg, indicative of elemental mercury (Hg0) (Chalmers et al., 2013).
Although the species of mercury available for methylation and entrance into organisms was
higher upstream of the point source, the total concentrations of Hg (II) and THg were higher
downstream (Chalmers et al., 2013). The reach farthest downstream in the quadrangle, AR 9, had
a higher estimated mass inventory of mercury by an order of magnitude for both masses
(Chalmers et al., 2013). As a result, it is not surprising that mercury concentrations in a number
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of biota, including smallmouth bass, white sucker, and crayfish, were significantly higher
downstream from the point source than upstream reference sites (Chalmers, 2013). In addition,
concentrations of THg in fish tissue from smallmouth bass were all above regional and U.S. EPA
guidelines (Chalmers et al., 2013). Median THg concentrations in the Androscoggin River were
significantly higher than those reported in rivers and streams nationwide, suggesting that
conditions in the Androscoggin River may be more favorable for Hg(II)-methylation and
bioaccumulation than the majority of rivers in the U.S. (Chalmers et al., 2013). Even more
concerning, the relationship defined by Chalmers et al. (2013) between mercury methylation and
percent of fine sediments, combined with the fact that reaches downstream of the study area are
lower-gradient than in AR-9, suggests that an even greater potential for Hg(II)-methylation and
mercury bioavailability may exist downstream of the study area. Consequently, it is essential that
sources of mercury contamination in the Androscoggin river are identified and terminated in
order to avoid extensive ecosystem damage.
1.8 Significance of Study
The report from Degnan et al. (2005) provides a thorough characterization of structural features
and bedrock units surrounding the superfund site as well as geophysical and hydrological data at
the former facility. However, the only regional bedrock information available to Degnan et al.
(2005) was interpreted over thirty years before. Bedrock geologic mapping in the Berlin
quadrangle during the summer of 2020 provides updated interpretations of regional geology,
particularly in regards to the Moose River Fault between the Ammonoosuc Volcanics and
Oliverian Plutonic units. The new data provides contextual information that was not present
before previous reports and provides a better understanding of groundwater flow through
bedrock within the quadrangle. The LiDAR hillshade analysis compliments these bedrock
mapping data and the results from Degnan et al. (2005) with regional brittle structures
interpreted from topography. These datasets inform a more accurate characterization of
groundwater hydrology in the bedrock beneath the former chlor-alkali facility and explain
potential contamination risks in other areas of the Berlin quadrangle.
In September of 2020, the U.S. EPA released an updated Record of Decision (ROD) that
outlined remediation efforts planned over the next few years. The goal was to ensure that
mercury, PCB and other contaminants within the soil and bedrock were either removed,
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contained or neutralized (EPA, 2020). For soil and debris beneath the former facility footprint,
the primary efforts included maintaining the existing fence and containment system and
preventing development in and around the site (EPA, 2020). Plans to address contamination in
soils surrounding the facility included additional testing to define the extent of contamination
beyond the cell-house site and the transport of contaminated soils to within the existing retaining
wall or an off-site facility (EPA, 2020). Groundwater contamination controls included the
continued removal of liquid and amalgam mercury as well as in-situ treatment of chemical
oxidants designed to immobilize or neutralize contaminants (EPA, 2020). While the report
thoroughly outlines plans for future remediation, the heavy reliance on physical containment and
burial of contaminated overburden may underestimate the ability of groundwater to infiltrate
physical barriers through bedrock structures. The results of this thesis may indicate that physical
containment of the overburden will not completely prevent groundwater from flushing
contaminants from the overburden and into the ecosystem.

2. Methods
2.1 Overview
A variety of field methods and analytical techniques were used to identify local and regional
structural features and improve the current understanding of hydraulic flow between the
superfund site and the surrounding watershed. Field mapping data across the northern half of the
Berlin quadrangle was collected during a three-week mapping trip in the summer of 2020. The
purpose of the field work was to update the bedrock map of the northern half of the Berlin
quadrangle as part of research conducted by Professor Dyk Eusden, with USGS. Although the
original intent of the field work was to focus on bedrock units rather than groundwater flow, the
regional mapping retroactively served as an essential component to the updated structural
geology to inform generalized groundwater flow adjacent to the superfund site. Two additional
field excursions were conducted after the initial field season to map restricted areas in downtown
Berlin that required permission from local dam operators. Data collection at a regional scale was
supplemented by LiDAR hillshade data from 2015 surveys (GRANIT, 2015), which facilitated
the identification of transmissible structures from topographical features.
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After the fieldwork was completed, various programs on ArcGIS and Richard
Allmendinger’s Stereonet software were used to interpret the distribution of transmissible
structures. Digital mapping and analysis were carried out at three scales. The large scale analysis
was limited to the outcrop adjacent to the former chlor-alkali facility that was mapped in the
report by Degnan et al. (2005). The medium scale analysis included all field locations in
downtown Berlin, adding eight outcrops in the penstocks area downstream of the former chloralkali facility as well as measurements in the riverbed beneath the Riverside Dam. The smallscale analysis summarized structures across the Berlin quadrangle. Maps that illustrated the
location of transmissible features and domains populated by distinct structural trends were
created at each scale using ArcMap (version 10.8.1). The trends of brittle structures such as
Mesozoic fractures and silicified zones were summarized at all three scales with rose plots
created using the Polar Plots tool from Jenness Enterprises on ArcMap (Jenness Enterprises,
2014). Ductile foliation features were measured in the field at the former chlor-alkali facility,
penstocks, and quadrangle scales. These were plotted as stereonets using Richard
Allmendinger’s Stereonet (Allmendinger, 2016) software and mapped as syncline and anticline
hinge lines.
After the maps and stereonets of each scale were completed, we improved the threedimensional geologic model introduced in the report by Degnan et al. (2005) to interpret how
these structures could influence groundwater flow surrounding the superfund site. The models
and maps were then discussed in context with the 2020 EPA Record of Decision and recent
studies of mercury levels in the Androscoggin River.
2.2 Collection of Field Data
2.2.1 Bedrock Mapping of Berlin Quadrangle (Northern Half)
Field data across the northern half of the Berlin quadrangle was collected during a threeweek mapping trip during the summer of 2020 with advisor Dykstra Eusden and fellow Bates
students Tommy Sheils and Liza Folsom. Because the fieldwork was initially focused on
regional bedrock geology rather than groundwater flow, the strikes and locations of fractures,
chlorite schist veins, and other hydraulic features were not consistently recorded during this
mapping session. However, the regional field data did include a number of large Mesozoic dikes
and silicified zones that could significantly alter regional groundwater flow. In addition, the
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Sequence of geologic events The Bronson Hill Belt units of the Ammonoosuc Volcanics (Oam) and Oliverian Jefferson Dome (Oobg and Oobkg) were erupte
during the Taconic Orogeny. A period of Silurian and Devonian marine sedimentation in the Central Maine Belt followed in an active tectonic setting, probably a
Oliverian granites, and is recorded by the Rangeley, Perry Mountain, Smalls Falls, Madrid, and Littleton Formations. All of the above rocks in both the Bronson Hill
D1 nappe-stage folding was followed by D2 faulting along the Stevens Point Thrust in the early Devonian Acadian orogeny. D3 juxtaposition of the Bronson Hil
during the Acadian orogeny. D4 doming of the Oliverian Dome and D5 folding of the units likely occurred in the Late Acadian or Neoacadian Orogeny, somet
Devonian two mica granites and associated pegmatites crystallized around 356 Ma and were likely derived from partial melts of thickened Appalachian crust.
in the Carboniferous to Permian Alleghenian orogeny. Episodes of pegmatite intrusion likely continued from the Carboniferous into the Permian, though radio
silicified zones, likely developed during the early stages of rifting of Pangea in the Triassic. Lastly, late basalt/diabase dikes probably developed under tensile str
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The sequence of deformation from oldest to youngest is as follows. 1) D1 folding is characterized by a single isoclinal to open, nappe-stage fold on the extrem
parallel to S1 schistosity indicating the location of this regional F1 fold hinge (Photo 11) (Eusden et al., 1996), ubiquitous regions in the Central Maine Belt wh
D2 faulting, is defined by an inferred, folded thrust fault through the southeast portion of the quadrangle, here named the Steven Point Thrust, which cuts th
Mountain Formations over the Littleton, Madrid and Smalls Falls Formations. This fault is approximately in the same position as the pre-metamorphic Plumbago
a compressional structure. (3) The Mahoosuc Fault represents D3, a period of faulting between the Bronson Hill and Central Maine Belts, and is likely a normal fau
timing of motion is uncertain with respect to D1 and D2. 4) D4 is a period of doming in the Oliverian Jefferson Dome as defined by schistosity in the Oliverian gne
et al., 2019). 5) D5 folding is defined by abundant, late, minor, open folds (Photo 12) and many regional axial traces in the Central Maine Belt and to a lesser ex
(Photo 1B) in the Oliverian and Ammonoosuc units but that are scattered enough so as to make drawing a single shear zone impossible. 7) D7 faulting is chara
(Photo 10B), two of which have been historically mined (Mascot and Shelburne mines, see Cox, 1970), and that form late brittle faults, the Lead Mines Fault and
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Deformation and Metamorphism The new mapping shows a complex sequence of deformation that overall supports a Devonian Acadian or Neoacadian
later Permian or Triassic brittle faulting and jointing. All of the rocks have been complexly and repeatedly metamorphosed to the sillimanite zone or amphib
Carboniferous-Permian Pegmatite (peg) which seem to have experienced minimal metamorphism.
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Detrital zircon ages: The Rangeley Formation sample (Sr) shows an maximum depositional age 422.4 +/- 2.4 Ma (Figure 7) supporting its age in the Silurian. T
reported by Bradley and O’Sullivan (2016) and is likely due to mixed metamorphic and igneous age populations. However, the population density distribution d
and O’Sullivan (2016), supporting its designation as the Rangeley Formation. The Littleton Formation sample (Dl) shows a maximum depositional age of 44
agreement with the Devonian depositional age of circa 410 Ma as reported by Eusden et al. (1996) and Bradley and O’Sullivan (2016). However, there are some
of the Oliverian granite age suggesting that much of the source rock for the Littleton Formation sediment was the Oliverian granite or at least an Ordovician (Ol
(Figure 10) does agree well with the 2nd detrital zircon cycle of Bradley and O’Sullivan (2016), supporting its designation as the Littleton Formation.
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Crystallization ages: The Oliverian sample (Oobkg) yielded an age of 440.3 +/- 3.5 Ma (Figures 1 and 2) with a second cluster of younger zircons yielding an age o
latest Ordovician and agrees well with similar crystallization ages from other Oliverian units in the adjacent Mt. Crescent quadrangle (Eusden et al., 2019). The you
Devonian Acadian Orogeny. The Two Mica Granite sample (CDtmg) yielded an age of 356.5 +/- 2.2 Ma (Figures 5 and 6) supporting its crystallization age at the De
two mica granites in the adjacent Mt. Washington East quadrangle (Eusden, 2010). No ages for the pegmatites were obtained. Bradley et al. (2016) suggest that p
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Geochronology Crystallization and detrital zircon U-Th-Pb ages were determined for four samples from the study area. These four samples included crystal
(CDtmg), and detrital zircon ages from the Littleton (Dl) and Rangeley (Sr) Formations.
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Intrusive and Other Units: 10) The Carboniferous-Devonian Two Mica Granite (CDtmg) is a medium-grained, equigranular, whitish granite with distinct flecks of
with it (Photo 9). 11) The Permian-Carboniferous Pegmatite (PCpeg) represents mappable regions of pegmatite with no outcrops of tmg, and appears as a co
Several regions of Triassic (?) silicified zones have been found, often with Pb-Zn-Ag mineralized zones and that host the historic Mascot and Shelburne lead mine
lineaments are interpreted to mark two significant NE striking late brittle normal (?) faults. 13) Rare Jurassic (?) basalt/diabase dikes occur sporadically in .5-3 m
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Smalls Falls Formation.
¹Well foliated,
¹ interbedded schists and less common quartzites, both weathering
to a deep rusty red-brown.
_ Graded bedding is not seen and layering thickness is generally on the cm^
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scale. Mineralogy: musc, bio, qz, sill, plag, pyrr (pyrrhotite).
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Perry Mountain Formation. ¹
Light gray quartzites with interbedded less abundant dark gray schists.
Bedding
thickness is variable
¹from cm-scale to 10-20 cm. Graded bedding is present, rare garnet coticule,
and
coarse muscovite pseudomorphing andalusite and sillimanite.
¹ Mineralogy: quartzite: qz,
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(Photos 4 A and 4B). 6) The Silurian Perry Mountain Formation (Spm) sits stratigraphically above the Sr and is composed of light gray quartzites with interbedde
B). 7) Overlying the Spm is the Silurian Smalls Falls Formation (Ssf ), a well foliated, interbedded schist and less common quartzite that both weather to a deep r
Formation (Sm), a fine-grained granoblastic medium gray to purple, sometimes calc-silicate bearing granofels, with interlayered, darker, more bio-rich granofel
Formation (Dl), composed of well-bedded and foliated dark gray schists and light gray quartzites of varying thicknesses (Photo 8).
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Rock Types The mapping has revealed the following units, from oldest to youngest, and organized by Bronson Hill and Central Maine Belt Units and Intrusive a
Bronson Hill Belt Units: 1) There are several belts of foliated Ordovician Ammonoosuc Volcanics (Oam), an amphibolite. Rare zones of mylonite are found in Oam
(Photos 1A, 1B, and 1C). 2) Accompanying the Oam are several smaller regions of Ordovician Ammonoosuc Volcanic Rusty Granofels (Oamr), a rusty weathering
Ordovician Oliverian biotite Granite (Oobg), a gray granitic gneiss with variable foliation are found. 4) Likely comagmatic with Oobg, and occurring in one large re
variably foliated granitic gneiss (Photo 3). Oobkg is seen to be in intrusive contact with Oam (Photo 1), cross cutting the foliation and layering of the latter, and also
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Introduction The bedrock geology of the southern half of the Berlin, NH 7.5’ quadrangle has been remapped at a publication scale of 1:24,000 during the field sea
Geology and the New Hampshire Geological Survey supported by the United States Geological Survey’s StateMap Program. The quadrangle lies along the boun
consists of the Ordovician Oliverian Jefferson Dome and Ammonoosuc Volcanics of the Bronson Hill Belt, the Silurian Rangeley, Perry Mountain, Smalls Falls F
intrusions of Devonian-Carboniferous two mica granites. A bedrock geologic map and report that includes the quadrangle was made at 1:62,500 scale by Billings
include the area were completed for the New Hampshire Bedrock geologic map (Lyons et al., 1997) and the Sherbrooke-Lewiston area (Moench et al.,1999). The
and assisted by Bates geology majors Chris Sargent (‘20), Forrest Hamilton (‘20), and Essie Martin (’21). Dr. Paul O’Sullivan of GeoSeps Services coordinated both c

Littleton Formation. Well bedded and foliated dark gray coarse schists and light gray fine quartzites of
varying thicknesses, with rare garnet coticule, graded bedding, and coarse muscovite pseudomorphing
andalusite and sillimanite. Mineralogy: schist: musc, bio, qz, sill, plag, gar; quartzite: qz, plag, musc, bio.
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State Geologist,
NH Geological Survey, 29 Hazen Drive, PO Box 95, Co

Carboniferous-Devonian Two Mica Granite. Medium-grained whitish granite with distinct flecks of black
biotite and clear muscovite and common pegmatite associated with it. Mineralogy: ksp, qz, plag, musc,
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bio.
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Permian to Carboniferous Pegmatite. Coarse-grained whitish pegmatite with crystals up to 10 cm in
dimension. Mineralogy: ksp, qz, plag, musc, +/- bio, +/- tour, +/- gar.
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Eusden, J. D., Merrill, T. K., and Niiler, K. A., 2019, Bedrock Geology of the Mt. Crescent, NH 7.5’ Quadrangle: New Hampshire Geological Survey, F. H. Chormann, State Geologist, Op
Hampshire 03302-0095.
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2: Ammonoosuc Volcanics Rusty Granofels (Oamr) a rusty brown
weathering , fine-grained, massive granofels that has a weak foliation.

4A

5A

Ò

5B

4B

CROSS SECTION (no vertical exaggeration)

A’

A

3000
2500

Sr
Oamr

1A: Ordovician Ammonoosuc Volcanics (Oam) cut by the Oliverian Biotite
K-Feldspar monzogranite (Oobkg). 1B: Mylonite in Oam showing reverse
dip slip (thrust?) motion. 1C: Oam coarse-grained amphibolite with
aligned amphiboles, occurs as a xenolith within the Oobkg.

4A: Rangeley Formation (Sr), a slightly rusty red-brown weathering
interbedded dark gray schist and light gray quartzite. Graded bedding
shows tops are inverted. 4B: Sr quartzite with an oval, calc-silicate
granofels pod, the core of which contains coarse grossular and diopside.
7

5A: Perry Mountain Formation (Spm), showing relatively thicker beds
of light gray quartzites with thin interbedded, less abundant, dark gray
schists. 5B: Spm showing thinner interbeds of quartzite and schist, some
minor late D5 folding, and a late pegmatite intrusion parallel to layering.
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EXPLANATION OF ROCK UNITS

Permian to Carboniferous Pegmatite. Coarse-grained whitish pegmatite with crystals up to 10 cm in
dimension. Mineralogy: ksp, qz, plag, musc, +/- bio, +/- tour, +/- gar.

pe

D

42S
Sm

Madrid Formation. Fine-grained granoblastic medium gray to purple, sometimes calc-silicate bearing
granofels with interlayered darker, more bio-rich granofels, both generally lacking a strong foliation.
Mineralogy: qz, plag, bio, +/- actin, +/- gar.

Ssf

Smalls Falls Formation. Well foliated, interbedded schists and less common quartzites, both weathering
to a deep rusty red-brown. Graded bedding is not seen and layering thickness is generally on the cmscale. Mineralogy: musc, bio, qz, sill, plag, pyrr (pyrrhotite).

Spm

Perry Mountain Formation. Light gray quartzites with interbedded less abundant dark gray schists.
Bedding thickness is variable from cm-scale to 10-20 cm. Graded bedding is present, rare garnet coticule,
and common coarse muscovite pseudomorphing andalusite and sillimanite. Mineralogy: quartzite: qz,
plag, musc, bio; schist: musc, bio, qz, sill, plag, gar.

Sr

Rangeley Formation. Slightly rusty red-brown weathering, well foliated, interbedded, dark gray schists
and light gray quartzites. Oval, calc-silicate granofels pods, 10-30 cm in length are infrequently seen.
Layering ranges from cm-scale to 10-20 cm wide beds. Some graded bedding is seen. Mineralogy: schist:
musc, bio, qz, sill, plag, gar; quartzite: qz, plag, musc, bio; calc-silicate pods: qz, plag, bio, gross, diop.
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7: Madrid Formation (Sm), a fine-grained granoblastic medium gray to
purplish, sometimes calc-silicate bearing granofels with interlayered
darker, more bio-rich granofels.
10B

10A

8: Littleton Formation (Dl), a well bedded, but not graded, foliated dark
gray coarse schists and light gray fine quartzites. The coarse muscovite in
the schist is replacing sillimanite and earlier andalusite.
11

G

"

Geochronology sample site

"

Photo locality, keyed to map locality
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4D1 nappe-stage anticline axial trace
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8D1 nappe-stage syncline axial trace
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Carboniferous-Devonian Two Mica Granite. Medium-grained whitish granite with distinct flecks of black
biotite and clear muscovite and common pegmatite associated with it. Mineralogy: ksp, qz, plag, musc,
bio.
Littleton Formation. Well bedded and foliated dark gray coarse schists and light gray fine quartzites of
varying thicknesses, with rare garnet coticule, graded bedding, and coarse muscovite pseudomorphing
andalusite and sillimanite. Mineralogy: schist: musc, bio, qz, sill, plag, gar; quartzite: qz, plag, musc, bio.
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Mylonite. Region of mylonitic fabrics, mostly S-C foliations and sigma
porphyroclasts. Most show reverse slip kinematics.
Mafic dike strike and dip. 10cm to 2 m wide mafic, basalt/diabase dikes
of Jurassic (?) age.
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Strike and dip of silicified zone vein. Massive white quartz deposit with
parallel quartz veins, some with Pb, Zn, Ag mineralization.
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Region where bedding, So, is not parallel to foliation, S1, in an F1 hinge
region

b

Strike and dip of inclined bedding with topping direction unknown,
nearly always parallel to early foliation.
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Contacts

1Inferred

10A: Cross cutting veins of pure quartz in a silicified zone that defines a
late normal brittle fault. 10B: Hand sample from a silicified zone showing
chalcopyrite and galena mineralization in a quartz matrix.

Approximate

2

11: Coarse schists and thinner quartzites of the Rangeley Formation
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Ma
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Figure 16: Bedrock Geologic map of the south half of the Berlin Quadrangle with data from
the summer of 2019 (Eusden et al., 2020). The new data presented in this thesis and collected
in 2020 covered the blank section in the northern half of the quadrangle .The red square
outlines the chlor-alkali facility.

Field research during the summer of 2020 focused on the blank region in Figure 16.
Mapping sites such as road outcrops, gravel pits, parking lots and river banks were easily
accessible with personal vehicles. However, traverses in the mountains or off of ATV trails were
conducted exclusively on foot, and local hiking trails, logging roads and stream beds were used
to reach less accessible field outcrops. Daily traverses were planned to access areas with the
largest number of bedrock outcrops and the least amount of glacial till, vegetation, or boulders.
Potential outcrops were often scouted remotely using google maps, but areas of exposed bedrock
invisible with satellite imagery were discovered along streams, hiking trails or heavily eroded
logging roads. Specimens that were difficult to identify conclusively as bedrock were labelled
“float” in the notes, and were interpreted in context with nearby data. All accessible areas in the
quadrangle were traversed for outcrops except for areas that were obviously covered in marsh
material or till, such as wetlands or low-lying areas covered in vegetation. The best datasets in
the quadrangle came from high-altitude cliffs and blasted areas near mill and dam infrastructure,
wind turbine installations, and road cuts. Many of these outcrops that were revealed from recent
industrial activities were not exposed when Billings and Fowler-Billings (1975) created the
original 1:24,000 map of the Berlin quadrangle. All 368 stops logged in the Trimble Juno unit
are indicated by the yellow dots in Figure 17:
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Figure 17: LiDAR Hillshade image of the Berlin quadrangle with yellow and
red dots indicating field measurement locations plotted using the Juno Trimble.
The yellow dots represent all data collected during the summer of 2020, while
the red dots are fracture measurement locations on subsequent trips later in the
year.
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Brunton Pocket transit compasses were used to measure strike, dip, trend, and plunge data of
various structural features including folds, fractures, veins, and foliation features. Data was
logged in the field using a Trimble Juno GPS device, which stored bedrock data measurements
along with their locations on a variety of digital maps, allowing for easy transfer and analysis
with ArcMap software. In addition to the topographic map of the Berlin quadrangle, the Trimble
contained a digital copy of the bedrock map from Billings and Fowler-Billings (1975) to which
we could refer in the field.

Figure 18: Sheils, Galloway and Folsom pause for a break atop Mt. Forist with a sweeping view
of downtown Berlin and Cascade Mountain in the background.
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Figure 19: Sheils demonstrates the use of a
Brunton pocket transit compass to measure
the dip of a ductile feature. The yellow
notebook was used to visualize the axial plane
and other three-dimensional planes measured
in the field.

Figure 20: A rock hammer rests between two
quartz veins showing both tight, isoclinal D1
folding as well as D2 folding within Spm
(Perry Mountain Formation within CMT).

The procedure used to upload GPS data from the Trimble Juno unit to any ArcGIS
platform is outlined below to clarify data transfer methods. Trimble Juno units run on GPS
Pathfinder, a software that is applied to a variety of land-surveying tasks. Processing the data
requires the use of the Pathfinder Office (PFO) application on a PC. For our study, we used a
Bates laptop with PFO already installed. Data was transferred from the Trimble to the laptop
using the Pathfinder Data Transfer function, located under the Utilities dropdown menu. Data
files on our Trimble unit were stored on the SD-MMC card and were transferred directly to the
laptop hard drive. Next, the files were opened in PFO as a new project and exported to an
individual output file for each mapping location (the data was separated to prevent overwriting
complications). The export coordinate system was defined as UTM 19N NAD 1983 CONUS,
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with units in feet, for all data in the quadrangle. This process accurately transfers the data to
ESRI shapefiles with proper coordinates and units, and allows data to be viewed and
manipulated in ArcMap.
The NH topographic map, the bedrock map from Billings and Fowler-Billings (1975), the
map of Mesozoic dikes from Billings and Fowler-Billings (1975), and all maps from Degnan et
al. (2005) were georeferenced into the various ArcMap documents. These were all useful for
various stages of analysis in all three scales. The georeferencing process involved uploading the
maps to ArcMap as tiff files. The position and scale of the maps were confirmed by setting the
transparency at 60% and adding control points in order to align features that were visible on both
the new map as well as the existing topographic layer. Finally, the Rectify function was used to
create a new raster dataset that was georeferenced to the map coordinates and spatial reference.
2.2.2 Superfund Site at former Chlor-Alkali Facility
Although the former chlor-alkali facility is located near the center of the Berlin quadrangle, local
dam operators did not grant permission to access the land for mapping until late August.
Professor Dyk Eusden and the author returned later in the summer to map the eastern bank of the
Androscoggin River directly adjacent to the former cell-house site. Unlike the rest of the Berlin
quadrangle, which had not been updated since the late 1950s, this section of the cell-house site
was mapped in detail by Degnan et al., (2005). Our objective was to closely compare our own
field observations with the structural map created by Degnan et al. (2005) and ensure that these
previous interpretations were consistent with the new regional data collected during the summer
of 2020. The same methods and equipment were used as in the previous mapping session in
July, but additional attention was directed towards fractures, young dikes, and other brittle
structures that could potentially transport groundwater and contaminants from the cell-house site.
A paper copy of the map prepared by Degnan et al. (2005) was also on hand in the field to
confirm the location of each feature as the area was surveyed. A total of twelve additional stops
were added during this excursion to the original 368 data points that were collected over the
summer.
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Figure 21: Topographic map of downtown Berlin with the cell house site outlined with the red
square. The bedrock along the riverbank on the east bank within the red square was covered
during the traverse on August 28.

On a third occasion in October, Eusden and the author mapped the area near the
penstocks, which includes the bank across the Androscoggin River from the former chlor-alkali
facility and the area on the eastern bank several hundred meters south of the facility. The
penstock outcrops are within the red square in Figure 21. The site was recently blasted for the
construction of the penstocks and provided plenty of exposed bedrock. Degnan et al. (2005) had
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recorded fracture data from outcrops near the penstocks for the 2005 report (shown in Figure 11),
yet we obtained over 70 new measurements of Mesozoic fractures and fifteen Trimble stops
recording silicified zones, folds and other structures that were not previously collected. In
contrast with our process for mapping the entire quadrangle, the area was mapped with particular
attention to identifying transmissible features.

Figure 22: Location of the third and final mapping traverse in Berlin, NH from October,
2020. The red square indicates the area in which fracture measurements were recorded south
of the chlor-alkali facility, while the individual outcrop locations recorded by the Trimble.
GPS signals are represented by the red dots. For reference, the pink diamond represents the
center of the former chlor-alkali facility.
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Figure 23: Photograph showing the penstocks several hundred meters south
of the chlor-alkali facility, where a large number of fractures and ductile
structures were measured. Photograph is looking south toward the Burgess
Biopower Station.

2.3 Remote Sensing
2.3.1 LiDAR Data: Image generation.
All remote data collection and much of the analysis was completed using ArcGIS 10.8 with
ArcMap and ArcCatalog. LiDAR data for the Berlin quadrangle was taken from the Umbagog
regional dataset collected in 2015 (UNH LiDAR), with a resolution of 1 meter or better.
Georeferenced point-cloud data from 2015 was provided to NHDES as a Bare-Earth Digital
Elevation Model (DEM). From the DEM file, a new DEM layer was created on ArcMap and
converted into a hillshade image using the Hillshade tool in ArcToolbox. The tool provides
artificial shading over elevation features at a given sun azimuth and altitude angle, and highlights
surficial elevation features that are concealed by vegetation or manmade infrastructure in satellite
imagery. LiDAR hillshade imagery was used in the construction of COGO lineaments that
highlighted transmissible features
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2.3.2 LiDAR Data: COGO Lineament Construction
Brittle structures are only considered capable of conducting groundwater and contaminants over
significant distances if they are relatively linear and laterally continuous. Although the
traditional bedrock mapping process near the former chlor-alkali facility conducted by ourselves
and Degnan et al., (2005) adequately describe structures directly adjacent to the contaminated
site, it was often difficult to determine the lateral extent of these structures in the field. The
hillshade imagery allowed us to record the relative lengths of transmissible features to better
define regional groundwater flow.
Lineaments were drawn as polyline shapefiles over the hillshade map. Ideally, each
topographical feature that was linear and had significant relief would be marked with a lineament
representing the relative length and direction of the feature. The only features that were ignored
were glacial lineaments and glacial meltwater channels. Glacial lineaments were distinguished
as finer, more regular striations that ran NW-SE, and were often associated with glacial till rather
than bedrock. Meltwater channels were identified as deep, nonlinear troughs that flowed down
the flanks of ridges and hills into valleys. In general, we chose to highlight structures that were
linear, oriented at odd angles to typical glacial lineaments, and located at high elevations that
were not covered in till or floodplain sediments.
COGO Fields (Coordinate Geometry Fields) were added to the attribute table of each
polyline feature class recording transmissible features to track the direction and length of each
feature. In ArcMap, COGO fields can be added to any polyline shapefile using the Create
COGO Fields toolbar, available when 3D Image Analysis tools are enabled. The addition of
COGO fields allowed the dimensions and direction of each lineament to be defined, stored, and
analyzed. In order to ensure consistent coverage and lineament direction, the lineaments were
traced from the northwest to the southeast corner of the map. This order was chosen somewhat
arbitrarily, but it was easy to follow the flanks of the river valleys this way, and choosing any
systematic method is crucial to avoid skipping certain regions or drawing lineaments in the
wrong direction. The “right direction” in this case simply ensured that the COGO direction
values were consistent, and was decided arbitrarily to be from left to right.

51

2.3.3 Reproducibility tests:
Although the calculation of COGO lineament direction and azimuth trends can be
precisely measured using ArcGIS 3D analyst tools, the identification of lineaments from a
hillshade image is inherently subjective and can easily invite human error. It may be difficult for
one person to correctly distinguish a lineament with potential bedrock disruption from a glacial
striation, riverbed, or artificial feature such as a street or high-profile building. As a result, the
quadrangle was analyzed with three different sun azimuths: 270, 360, and 45, with a constant
angle of 30 degrees. The three azimuth maps with highlighted lineaments are shown in Figure
24. The adjustment of the azimuth changes the direction of illumination the program uses to
portray elevation topographic information, and is a way to confirm that features are significant.
This illumination angle of 30 degrees is a lower than the default value of 45 degrees, and it was
chosen to enhance lower-relief structures that may be laterally continuous but difficult to see
using a higher illumination angle. In addition to helping to avoid insignificant features, drawing
lineaments over the same quadrangle multiple times encouraged deeper and more repetitive
engagement with the landscape and allowed initial interpretations to be questioned multiple
times. Because hillshade imagery only shows features that are somewhat perpendicular to the
illumination, the adjustment of azimuth measurements ensured that all features were included.
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Figure 24: Each of the azimuth angles for which the COGO fields were drawn with the
completed lineaments for each hillshade illumination. The red square indicates the location of
the chlor-alkali facility.
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Figure 25: Combined Hillshade COGO lineaments: features
that were present using all three azimuth settings.

In order to compile the lineaments from all three azimuth angles, a separate layer for
each azimuth angle was created in ArcCatalog, and only one layer and illumination was
displayed at a time while the lineaments were constructed. When each set of lineaments was
complete, the elevation model and hillshade layers were disabled and all three lineament layers
were made visible. Any lineaments that were not replicated across all three azimuth
measurements were deleted. Often, the same lineament would appear across all three layers, but
with different lengths observed at each layer. In this case, only the shortest version of the
lineament was retained. In the end, one layer was updated to the correct lengths corroborated by
all three layers. This final layer was renamed Combined Lineaments and is displayed in Figure
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25. This layer was analyzed using the Polar Plots (Jenness Enterprises, 2014) in ArcMap for
comparison with the field data, as described in section 2.5.

2.4 Data Compilation and Visualization
2.4.1: Rose Plots: Fractures from Field Data
Rose plots were the most suitable way to visualize the spatial distribution of Mesozoic joint
fractures, and were incorporated onto large, medium and small-scale maps for individual
analysis. Stereonets were not used for fracture analysis because the dip measurements of most
Mesozoic fractures in the area were steep (over 80 degrees) and were assumed to be
hydrologically identical. The Polar Plots tool from Jenness Enterprises on ArcGIS was used to
create rose plots as graphic elements in the ArcMap layout (Jenness Enterprises, 2014). The tool
can analyze attribute data from any shapefile in an ArcMap document, and can be downloaded as
an extension from the Jenness Enterprises web site (Jenness Enterprises, 2014). Most structural
fractures collected at the former chlor-alkali facility were traced as lineaments with COGO
fields, so strike and length measurements were already recorded in the attribute table for the
layer. However, because fracture data collected in the field from the penstocks was not recorded
in the Trimble or as lineaments on ArcMap, a new shapefile was created and trend data was
manually entered into the blank attribute table prior to analysis. Although the field data could
have been quickly entered into Allmendinger’s software, the Polar Plots tool created plots as
graphic elements that were far easier to manipulate and display on the map. The tool was set to
create Circular Bins (rose plots) with the option to add reverse azimuths and exclude negative
values. Each rose plot contained 72 bins (5 degrees), and all reference lines except for the outer
circle were excluded. The strike measurements were not weighted because length dimensional
data for fractures were not recorded in the field. The settings used to create the rose plots in this
study are displayed in the screen shot in Figure 8.
After the outcrop data were combined into suitable summary rose plots, they were added
to the maps. The large-scale chlor-alkali outcrop was split lengthwise into three parts and
summarized with three rose plots. The medium-scale map included the chlor-alkali facility
outcrop as well as the penstocks area and the area below the Riverside Dam. The larger area
warranted the display of the outcrops as well as an interpretation of structural domains. First, the
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eight rose plots were summarized, and outcrops with the same overall strikes were combined to
ensure that each summary rose plot had at least 7 data points. In the end, four rose plots
summarized the field data: one rose plot represented the entire riverbank adjacent to the former
chlor-alkali facility, and three rose plots summarized the outcrops near the penstocks. Each rose
plot was formed as a graphic element in ArcMap, expediting map formatting processes.
To create the feature domains over the medium-scale map, the traces of syncline features
and dikes from field data were added, as well as a base map displaying the unit boundaries
interpreted from the summer 2020 mapping data. Three domains were drawn separating areas
with distinct fracture strikes. Domain boundaries were also based off of the general trends of
syncline features and silicified zones. The creation of these domains allowed for the
generalization of feature characteristics across the region and a comprehension of which
directions groundwater could travel in specific locations. These interpretations were verified by
comparing them with regional data, as explained in the next section.
2.4.2 Rose Plots: Regional Hillshade Analysis
As described in section 2.4.3, the results of the hillshade analysis included a combined
lineaments polyline shapefile that recorded the direction and length of each lineament in the
attribute table as COGO fields. Regional trace data of dikes and silicified zones from our own
data as well as the map by Billings and Fowler-Billings (1975) were also added, but they were
traced as separate lineament layers with COGO fields as well. As a result, the creation of rose
plots to summarize the regional-scale data (including the hillshade analysis results) was similar
to the process used at the chlor-alkali facility outcrop. The Polar Plots tool for ArcMap was used
as before because all data was already in the attribute table. We used the same settings as in the
previous analysis of the chlor-alkali facility outcrop lineaments. For the regional features, it was
particularly important to weight the plot data by length because of the wide range of feature
lengths identified from the hillshade data. The longest lineaments are considered to be the most
likely features to represent a significant parting or disturbance of the bedrock that could
determine groundwater flow. Figure 26 illustrates the settings used in the creation of the rose
plots on the Polar Plots tool, and Figure 27 shows a graphic demonstrating the importance of
length-weighting rose plots.
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Figure 26: Screen shot of Polar Plots Tool Figure 27: Diagram demonstrating how length
displaying the settings used to summarize weighting calculations change rose plot shape
the majority of the fracture sets from the
hillshade analysis. Settings for field
fractures looked identical, but were not
length weighted.

The regional rose plots were helpful to confirm the most prominent strike categories in
the quadrangle, but because all regional data was based off of mapped lineaments, it was actually
easier to draw the domain boundaries based off of the lineaments. As a result, only two rose
plots were added to the final map: the plot of dikes and the plot of hillshade lineaments. The
feature domains were drawn directly onto the map based on the direction and relative length of
lineaments, dikes, silicified zones, and axial traces on the map. After they were drawn,
lineaments were spatially selected by domain and plotted as rose plots to confirm the
prominent trends of each domain, but these plots were omitted in the final map.
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2.4.3 Ductile Features
Schist-strike measurements collected from the foliation of Oobg and Oobkg units were
symbolized in ArcGIS as shown in the Results section. Foliation represents the ductile
deformation of bedrock units. Although brittle structures like fractures, dikes or silicified zones
are more effective in channeling groundwater and contaminants through the subsurface, ductile
deformation features can also have an effect on contaminant transport as groundwater moves
through bedrock units with fewer brittle deformation features. The strike and dip of foliation
data were plotted in Richard Allmendinger’s Stereonet software. The Polar Plot extension on
ArcMap only plots strike data and therefore could not be used to create stereonets that illustrate
the orientation of two-dimensional planes. Consequently, schist strike and dip data was
downloaded in a dBase table from the attribute table of the Trimble Juno data in ArcMap and
opened as an excel file. This excel file was then uploaded to Richard Allmendinger’s software
for analysis. Foliation data was initially plotted as planes and then transformed to poles using the
planes to poles calculation. The poles in the resulting pi-diagram were visualized using a Kamb
contour, which displays the number of standard deviations from the area with the highest pole
density.
Poles in a pi-diagram that align along one great circle in girdle-like pattern indicate the
existence of a fold structure (Ragan, 1985). The cylindrical best fit tool was used to calculate
how well the poles align along a great circle. The tool also uses the Bingham axial distribution
to calculate the three eigenvalues and eigenvectors that correspond with the regions with the
largest, intermediate, and smallest density of poles using the principal axes of tensor
(Allmendinger, 2016). The first two axes are typically interpreted to be the limbs of the fold,
while the third axis is widely accepted as the strike of the cylindrical fold axis. The interlimb
angle was calculated by finding the angle between the two limb points, and the axial plane was
determined by defining the great circle that bisected the angle between the limb great circles. The
plunge of the axial trace and the dip of the axial plane were then used to confirm the character of
the fold using the Fleuty Fold Classification in Figure 28 (Fleuty, 1964; Fossen, 2016).
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Figure 28: Fleuty Diagram of Folds used to classify ductile features found
at all three scales (Fleuty, 1964).

2.5 Visualization of Hydrologic Data
Although original hydrogeological data was not collected during this study, there is a large
amount of well, river stage, and geochemistry data collected by previous USGS studies that
describes the levels of industrial contaminants in the ecosystem. Results from ecosystem
contamination studies were summarized in ArcGIS alongside structural geologic data to
highlight the correlation of transmissible features with elevated areas of mercury contamination.
In particular, results from a report by Chalmers et al., (2013) was mapped over the Androscoggin
River watershed to indicate the reaches of the Androscoggin River that contain the largest
amounts of elemental mercury and bioavailable methylmercury. Analysis of this map alongside
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our 3-D geologic model confirmed that bedrock structures could be responsible contaminant
transmission.

3. Results
3.1 Overview
The location and orientation of structural elements in local bedrock units is one of the primary
factors that influence groundwater flow through bedrock. Fractures, foliation planes, basalt dike
orientations, silicified zones, and possibly unit boundaries may all serve to channel and redirect
groundwater towards aquifers and surficial water bodies. The data presented in this study builds
on previous assessments of bedrock geology and groundwater flow near the Berlin chlor-alkali
facility. The study includes field data from the regional bedrock map of the northern half of the
Berlin quadrangle, additional fracture measurements from three primary outcrop locations near
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the former chlor-alkali facility, and a regional LiDAR hillshade analysis that assessed structural
patterns across the quadrangle.
Three bedrock maps were produced to document data on three distinct scales. Each map
documents the bedrock geology, brittle structures, and ductile features that influence
groundwater flow. The large-scale map includes the chlor-alkali facility outcrop previously
mapped by Degnan et al. (2005) marked by square A in Figure 29. The medium-scale map
includes data from the Penstocks region and data from below the Riverside Dam in downtown
Berlin, and includes sites A, B and C. The small-scale map includes the entire Berlin quadrangle.
All maps combine data from field work, remote sensing analyses, and results from previous
reports by Billings and Fowler-Billings (1975), Degnan et al., (2005), and Eusden et al., (2020).
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Figure 29: Bedrock geologic map of the Berlin downtown area and part of the surrounding
quadrangle, with blue squares indicating the sites nearby the chlor-alkali facility at which
Mesozoic joint fractures and silicified zones were measured, and brown lines detailing dams.
The chlor-alkali site itself is located within Square A, adjacent to which was the outcrop that
Degnan et al. (2005) documented extensively and that was summarized in this thesis during
the large scale analysis. Site B is nearby the penstocks, and Site C is where a significant
silicified zone was located south of the Riverside Dam. The medium scale analysis included
sites A, B, and C., and the the small-scale analysis documented the entire quadrangle.
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3.2 Representative Rocks and Structures
As indicated by the bedrock map in Fig. 29 as well as previous data collected from Billings and
Fowler-Billings (1975), the rock units found at the chlor-akali facility are primarily members of
the Oliverian plutonic suite, including the Oliverian Ordovician biotite gneiss (Oobg) indicated
in Fig. 31. This is the primary unit found at the outcrop directly adjacent to the former chloralkali facility, along with pink pegmatite intrusions and minor units of chlorite schist,
Ammonoosuc amphibolite xenoliths, and silicified zones. Ductile deformation in Oobg is easily
measured in the field from characteristic foliation of dark biotite crystals. Although the slightly
older, intruded Ammonoosuc amphibolite (Oam) shown in Figure 30 was not found at the
outcrop adjacent to the former chlor-alkali facility, several contacts and lenses of Oam were
observed farther downstream near the penstocks, as well as in many other field locations outside
the local study areas. The Mesozoic joint fractures were found in both Oobg and Oam units.
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Figure 30: Ammonoosuc Volcanic xenolith
(Oam) in Oliverian Ordovician Oliverian
Biotite Gneiss (Oobg) with steeply dipping
Mesozoic joint fractures.

Figure 31: Ordovician Oliverian Biotite
Gneiss with prominent biotite foliation
indicating ductile strain.

A variety of brittle and ductile features were measured that were each capable of transmitting
contaminated groundwater through the subsurface. Figure 32 illustrates the steeply dipping joint
fractures, which were the most widespread and highly transmissible structures found in the local
area. The fractures are thought to be Mesozoic in age and were created from rifting events across
Pangaea in the early Jurassic period (van Staal et al., 2009). Many of these steeply dipping joint
fractures were later filled by silicic material deposited by water running through the fracture.
These structures, referred to as silicified zones on our bedrock map and analyses, were also
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considered highly transmissible. Figure 33 shows the silicified zone found in the riverbed south
of the Riverside Dam.

Figure 32: Example of steeply dipping
Mesozoic joint fractures in Oliverian Biotite
Gneiss (Oobg). The red lines indicate the
fracture planes that were measured in the
field and analyzed in the small and mediumscale analyses.

Figure 33: Large silicified zone observed in
riverbed below Riverside Dam.
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Joint fractures were also intruded by post-metamorphic dikes, typically gabbro or basalt that
intruded in the late Jurassic. These transmissible structures in our own field data as well as in
previous maps by Billings and Fowler-Billings (1975). Figure 34 demonstrates a particularly
large example of post-metamorphic gabbro and basalt dikes in a quarry near Mount Jericho, but
smaller examples were found at local sites nearby the former chlor-alkali facility as well.

Figure 34: Post-metamorphic felsic and mafic dikes.

Although brittle structures are the most likely to significantly influence groundwater flow
through the subsurface, ductile foliation also plays a role in directing groundwater, particularly
through bedrock units that have fewer brittle deformation features. Figure 35 indicates the
Ordovician Oliverian biotite gneiss (Oobg) with a distinct foliation plane identified from the
deformation of dark biotite crystals. This type of foliation was how the majority of the ductile
data was collected during during the field research. D2 folding of the bedding, a large example of
which is shown in Figure 36, was also apparent in other areas across the quadrangle and
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contributed to foliation data to create the syncline and anticline axial planes shown in the
regional hillshade map in Figure 47.

Figure 35: Ordovician Oliverian Biotite
Gneiss with red lines indicating the direction
of foliation based on alignment of biotite
crystals.

Figure 36: Large D2 fold in Ammonoosuc
volcanic unit.

3.3 Local Structures: Former Chlor-Alkali Facility
3.3.1 Mesozoic Joint Fractures and Silicified Zones
Mesozoic joint fractures and silicified zones that could influence groundwater flow and
contamination movement were measured at outcrops from three primary locations around
downtown Berlin, as shown in Figure 29. Site A in Figure 29 was the outcrop initially mapped
by Degnan et al. (2005), and is located between the site of the chlor-alkali facility and the
Androscoggin River. This outcrop was the closest to the former chlor-alkali facility and yielded
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the largest number of measurements for our study. Most of the fractures and silicified zones from
this area were mapped by Degnan et al. (2005) but never included in his medium-scale map of
Mesozoic Fractures (Fig. 11). As a result, the analysis of these measurements alongside data
from the penstocks area was an important part of our results. Below, we describe the large-scale
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map of the data similar to the data in the map from Degnan et al. (2005), but the results are
compared with data from the Penstocks area in the next section.
The map of the outcrop adjacent to the former chlor-alkali facility is shown in Figures
37-40, with the full extent of the outcrop shown in Figure 37 and the three large-scale frames in
Figures 38-40. The maroon lineaments indicate the strike and length of the Mesozoic joint
fractures. The yellow and maroon shaded areas indicate the extent of silicified zones, while the
light green units represent chlorite schist lenses within other bedrock units. While chlorite schist
units may not conduct contaminated groundwater as effectively as brittle fractures, they have
been associated with areas of retrograde metamorphism near non-planar fractures. Previous
studies observed that much of the elemental mercury found near the superfund site was
associated with these non-planar structures. Consequently, these units were mapped and included
in 3-D models to better understand potential means of groundwater transport.
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Figure 37: Bedrock map of outcrop adjacent to chlor-alkali facility (Site A in Figure 1).
Bedrock types are consistent with those described in section 3.2 and unit boundaries were
confirmed from field observations during summer 2020. Maroon lineaments indicate Mesozoic
fracture traces measured by Clark and Degnan (2005) and are summarized by rose plot A in
Fig. 12. The black schist-strike symbols indicate measurements of ductile foliation in Oobg,
and are used to create the stereonet summarized in section 3.6 and identify the syncline
feature traced by the navy blue symbol.
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Figure 38: Upper section of chlor-alkali
outcrop (section A), with Sawmill Dam
outlined just upstream.

Figure 39: Middle section of chlor-alkali
outcrop (section B).
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Figure 40: Lower section of chlor-alkali
outcrop (Section C)

3.3.2 Bedrock Foliation Data
Although ductile deformation features do not transmit water as easily as brittle structures and
silicified zones, they do influence groundwater flow and contaminant transport through the
subsurface, particularly when there are relatively few brittle deformation features in the bedrock
unit. Ten foliation measurements were collected at the outcrop adjacent to the former chlor-alkali
facility in Figure 37. As described in section 2.4.3 in Methods, the schist strike data were plotted
as planes on a stereonet and a cylindrical best fit analysis was performed on the poles of the

73

planes to define trend and plunge of outcrop-scale fold features. The results from this analysis
are shown in Figure 41.

Figure 41: Foliation data from the outcrop adjacent to the chlor-alkali facility mapped as planes
(left) and analyzed as the cylindrical best fit from the poles along with a Kamb contour (right).
Cylindrical best fit results indicate an hinge line that plunges gently to the northeast.

The results of the best fit analysis indicate that the hingeline trends 34 degrees and plunges 21.7
degrees. The fold plotted on the Fleuty classification in Figure 42 indicates a syncline feature
that plunges gently to the Northeast.
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Figure 42: Syncline Feature from the chlor-alkali facility plotted on Fleuty’s Fold
Classification. The syncline appears to be a gently plunging upright syncline. The axial trace
of this syncline is displayed on the chlor-alkali facility map in Figures 37-40.

3.4 Medium Scale Structures: Former Chlor-Alkali Facility, Penstocks and Riverside Dam
3.4.1 Mesozoic Joint Fractures and Silicified Zones
115 Mesozoic fractures were measured at several outcrops near the penstocks that feed the
turbines below the Riverside Dam, about 800 meters downstream of the former chlor-alkali
facility (site B in Fig. 1). This area included well-exposed outcrops from areas that were blasted
for the construction of the penstocks on the west side of the river and the Burgess Biopower
facility on the east side. The natural cliffs created by the river itself also provide a large number
of measurable joint fractures. The third site was just downstream of the Riverside Dam (site C in
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Fig 29). One significant silicified zone was found in this region that is likely a major
transmissible feature, and is pictured in Figure 43.
The fracture trends of the penstock and Riverside Dam data as well as measurements
from the outcrop beside the former chlor-alkali facility are summarized with the rose plots in
Figure 43. Although a wide variety of fracture trends were recorded across all three sites, most of
the brittle features fell into three primary strike orientations; NW-SE, NE-SW, and E-W.
Outcrops whose fractures were primarily striking NE-SW were summarized with blue rose plots
in Figure 43. This strike orientation was prominent among the 115 fractures at the outcrop
adjacent to the former chlor-alkali facility, as indicated by rose plot A in Fig. 43. While 19
fractures were striking between 125 and 138 degrees (NW-SE trend), over 40 fractures were
striking between 25 and 35 degrees, indicating that the the NE-SW strike was dominant in the
outcrop. The two outcrops on the far eastern side of the penstocks, represented by rose plot B in
Figure 43, were also dominated by NE-SW fracture trends, and only included one measurement
in a total of ten that followed a NW-SE strike of 157 degrees.
Outcrops that contained a large proportion of NW-SE or E-W striking fractures were
summarized with red rose plots. The three outcrops that were located at the northeast end of the
penstocks area were characterized this way (summarized by rose plot C), and the only anomalous
data points in the 36-point sample were five fractures that strike NE-SW. The three outcrops
positioned to the south and east of the penstocks area were described by rose plot D in Fig. 43.
Although there were also a variety of fracture trends for this dataset, this domain had a clear E-W
strike, with a few outliers divided between NW and NE strikes. The southeast outcrops in the
penstocks also revealed two additional silicified zones that confirmed the E-W and NW-SE
strike in these outcrops, with strikes of 75 and 165 degrees respectively.
The third field site at which brittle structures were measured, just downstream of the
Riverside Dam, was not summarized by a rose plot because only one significant brittle structure
was measured in this location. However, the feature was one of the most significant silicified
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zones found in the downtown Berlin region, and matches the NE-SW strike identified by the blue
Rose plots with a strike of 215 degrees.

Figure 43: Results from fracture measurements at local outcrops, with a base map indicating
bedrock units defined from summer 2020 field data. The red arrow indicates the location of
the chlor-alkali superfund site. Every other measured outcrop is identified with orange
polygons. Rose plots indicate the aggregate of all fracture strikes from the indicated outcrops.
Rose plots colored in red summarize outcrops whose dominant trend is NW-NE or E-W, while
blue rose plots summarize outcrops that are dominated by NE-SW trending outcrops. Ductile
deformation data from the region are summarized by navy blue syncline and anticline traces.
Rose plot A represents all the fractures at the chlor-alkali facility, while rose plots B, C and D
represent fracture strikes measured at the Penstocks.

3.4.2 Ductile Deformation Features
77

Although schist strike and dip measurements from foliated bedrock units were collected across
the Berlin quadrangle, particular attention was directed towards measurements near the former
chlor-alkali facility and the penstocks to define ductile structures that would directly affect
contaminated groundwater flowing from the superfund site. The same process was used to create
the stereonets of foliation in the former chlor-alkali facility and penstocks as completed for the
images in Figure 44. All measurements were plotted onto a single stereonet using Richard
Allmendinger’s Stereonet software (Allmendinger, 2016). The raw data were initially plotted as
great circles in Figure 44A, and then converted to poles as shown in 44B. The poles were
analyzed using a Kamb contour and a cylindrical best fit analysis to identify fold structures.
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Figure 44: Foliation data from the medium scale analysis (chlor-alkali facility plus penstocks
and Riverside Dam) mapped as planes (left) and analyzed as the cylindrical best fit from the
poles along with a Kamb contour (right). Cylindrical best fit results indicate a hinge line that
plunges gently to the southwest, as shown by the placement of the third eigenvalue in the plot at
right.

The three eigenvalues indicate that the fold axis trends at 208 degrees and plunges at 2.8 degrees,
while the axial plane has a strike and dip of (33, 27.9). Using the Fleuty Fold Classification
shown in Fig. 45, the trend and plunge data indicate that a gently plunging, steeply inclined
syncline fold is present to the west of the former chlor-alkali facility. This feature is of particular
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importance because it plunges down the hydraulic gradient of the Androscoggin River and could
explain how a significant amount of contamination form the superfund site enters the river.

Figure 45: Fleuty Fold Classification of the syncline fold interpreted from
foliation data in the medium-scale analysis. The location of the red dot
indicates that the syncline is upright and has a very slight plunge value.

3.5 Regional Structures: Berlin, NH 7.5’ Quadrangle
3.5.1 Regional Hillshade Lineaments
Local fracture data from field measurements are important to gain a detailed comprehension of
local bedrock structures surrounding the contaminated superfund site, but data collected across
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the quadrangle is vital in order to understand potential impacts of contaminant spread on the
larger ecosystem and nearby natural resources. For this reason, a hillshade map was used to
identify regional lineaments in the topography that could reveal transmissible structures. As
explained in the Methods, lineaments were drawn over topographical features that appeared to be
transmissible structures in the hillshade map, as shown in Figure 47. High-relief areas such as
the summit of Trident Col, Mt. Jasper, or Mt. Forist offered the best exposed topography to
identify bedrock fractures, partings and other transmissible features, while areas covered in till
such as the northeast corner of the quadrangle contained the largest amount of glacial
interference. Topographical features were selected for their relatively bold appearance compared
to the surrounding hillshade surface as well as their linear continuity that distinguished them
from creek or river valleys. All of the lineaments on the map in Figure 47 were visible in all
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three azimuth settings (45, 270, and 360) as described in the Methods section. The results of the
lineaments identified in each hillshade illumination are shown below in Figure 46.

Figure 46: Hillshade lineament maps for three separate azimuth settings. The three maps
were combined by excluding all lineaments that were not visible all three illuminations.

To create the final regional scale map, the results of the regional hillshade analysis that were
visible in all three azimuth settings were plotted on the 270 hillshade base map along with all
other regional datasets included in the study. These other datasets included the axial traces of
ductile foliation data, the traces of silicified zones collected by Eusden et al. from the north and
south half of the quadrangle, a regional dataset of steeply-dipping dikes collected by Billings and
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Fowler-Billings (1975), and a record of our own dikes recorded during the 2020 mapping season.
The combined map of these regional features is shown in Fig. 47.

Figure 47: Regional scale brittle and ductile features across the entire Berlin 7.5’ quadrangle.
Orange lines highlight lineaments identified from the remote sensing hillshade analysis. Green
lines highlight dikes recorded by Billings and Fowler-Billings (1975) in their study of the
Berlin quadrangle. Anticline and syncline traces summarize ductile foliation data throughout
the quadrangle and are colored in navy blue. The chlor-alkali site is highlighted by the red
square, while the large-scale rose-plot map (Fig. 43) is outlined in blue.

The combination of these brittle and ductile features collectively informs how bedrock units
across the quadrangle have been deformed and which structures might influence the distribution
of contaminants through the subsurface. The strike categories of the regional features are similar
to those found in the local field data: the NE-SW strike identified at the penstocks and the former
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chlor-alkali facility are particularly prominent among regional features, with the NW-SE and EW also visible as minor categories.
The rose plots in Figure 48 describe the Billings and Fowler-Billings (1975) dikes and
hillshade lineaments datasets. The rose plot describing hillshade lineaments was length weighted
(see Methods) due to the wide range in lineament lengths, while the Billings and Fowler-Billings
(1975) dikes plot was not (the length component was impossible to measure in the field). Both
are primarily described by a prominent NE-SW strike, although the category that describes the
combined lineaments dataset is closer to NNE-SSW than the Billings and Fowler-Billings (1975)
dikes dataset. These NE-SW regional orientations compare well to the same orientations seen in
the intermediate and large-scale rose plots (refer to those figures here). In addition, the NW-SE
strike identified in the field data also appears, but to a lesser degree, in both regional rose plots.
Both datasets, particularly the combined lineaments, also contain a strike category that is nearly
N-S, which was less apparent in the field data that we measured at the intermediate (penstocks)
or the local scales (chlor-alkali facility).
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Combined Hillshade Lineaments

Dikes

(Billings and Fowler-Billings, 1975)

Figure 48: Rose plots summarizing the strikes of combined hillshade lineaments (orange) and
the regional dike strikes measured by Billings and Fowler-Billings (1975) (green), both of
which are displayed in the regional scale analysis in Figure 47. Petals are 5° bins. The
combined hillshade rose plot is length-weighted, and the dikes plot is not weighted.

3.5.2 Regional Ductile Foliation Features
As with the small and medium scale analyses, the foliation data for the entire quadrangle was
plotted on the stereonet shown in Figure 49. The third eigenvalue was 48, 40, and the best fit
circle was 138, 49 indicating a syncline feature whose hinge line trends 48 degrees and plunges
moderately to the northeast). This overall feature is consistent with the NE-SW trend observed
from the ductile features observed at the larger-scale analyses, but unlike results from the
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medium-scale plunges up the hydraulic gradient towards the Northeast rather than down gradient
to the southwest.

Figure 49: Foliation data from the entire quadrangle mapped as planes (left) and analyzed as
the cylindrical best fit from the poles along with a Kamb contour (right). Most of these
measurements were interpreted along with bedrock data to create multiple fold hingelines
displayed in Figure 47, but it was also helpful to compare the data in a single stereonet for
comparison with the two larger scale analyses. Cylindrical best fit results indicate an hinge line
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that plunges gently to the southwest, as shown by the placement of the third eigenvalue in the
plot at right.

Figure 50: Syncline Feature from the Berlin Quadrangle plotted on
Fleuty’s Fold Classification.

4. Discussion
4.1 Overview
The brittle and ductile bedrock features identified in the results section define how groundwater
and contaminants could exit the former chlor-alkali facility and spread into the surrounding
ecosystem. The field and remote sensing data collected during this study builds on conclusions
from Degnan et al., (2005) and other regional studies conducted by USGS or the EPA.
Prominent strike values of both brittle and ductile features at all scales in the quadrangle are NW,
NE, and E, with some N striking members associated with NE domains. Strike domains were
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interpreted within medium and small scale maps from data collected during this study as well as
results from Degnan et al. (2005). Integration of the latest results with data from Degnan et al.
(2005) produced a dataset that was more extensive and better distributed than results available in
previous studies.
In addition to the domains, this section also presents an updated three-dimensional
geologic model which suggests how groundwater may be traveling through the bedrock adjacent
to the former chlor-alkali facility and distributing contaminants from the overburden despite the
retaining wall and site cap. The updated model incorporates the syncline feature observed at the
former chlor-alkali facility outcrop as well as the orientations of Mesozoic fractures, sheeted
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joints, Ammonoosuc Volcanic amphibolite xenoliths, and chlorite schist lenses as they were
observed in the field.
The bedrock maps and three-dimensional geologic model can help to explain the elevated
levels of mercury and other contaminants observed throughout the Androscoggin River
watershed. Data from Chalmers et al. (2013) is particularly relevant as it describes how total
mercury, organic divalent mercury, and methylmercury are spatially distributed in nine reaches
of the Androscoggin river between the Pontook Reservoir and Shelburne Dam. The NE striking
fractures and silicified zones as well as a ductile syncline feature in the bedrock adjacent to the
former chlor-alkali facility help to explain the elevated levels of methylmercury in sections of the
river downstream from the central Berlin area. The widespread distribution of similar features in
areas away from the Androscoggin River suggest that contamination could continue to leak into
other areas of the watershed.
4.2 Local Structural Domains
4.2.1 Brittle Features
As indicated in the map of the former chlor-alkali facility pictured in Fig. 51, the brittle
structures found at the outcrop adjacent to the former chlor-alkali facility primarily strike NE.
Recall the Results figure of these structures reproduced below in Figure 51.
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Figure 51: Outcrop adjacent to chlor-alkali facility with rose plots summarizing the strikes of
steeply dipping fractures at upstream, mid-stream, and downstream sections of the adjacent
outcrop. Mapping of brittle structures conducted by Steward Clark (Clark and Degnan, 2005).
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Domain boundaries at this scale were not drawn because the span of the figure is small enough
that specific regions would be difficult to isolate with any certainty. However, this figure does
confirm that N, NE and E striking fractures are the most prominent within this outcrop. NW
striking features are present in all three sections but are much less prominent than the other three
members. There are fewer E striking fractures in the middle section of the outcrop. It is possible
that this is simply a result of the long, narrow shape of the middle section that restricts the length
of any E striking features. Regardless, the silicified zones and chlorite schist lenses correlate
with the NE and N striking features. In this outcrop, these features are often not constrained to a
perfectly linear trend, but several examples tend to curve back and forth, alternating between a
range of strikes between E and N.
As illustrated in Figure 1, the Mesozoic joint fractures, sheeted joints, chlorite schist
lenses, and silicified zones all cut through the pegmatite and Ammonoosuc Volcanics. These
features were produced by events that occurred after the intrusion of the Oliverian Plutonic series
into the Ammonoosuc amphibolite. Degnan et al. (2005) did observe that pegmatite units tended
to have fewer fractures that the Oliverian gneiss, but this is likely a result of the relative foliation
of the units rather than the timing of brittle feature formation. Chlorite schist lenses are likely
created from from retrograde metamorphism processes that alter biotite and amphibole minerals
in Oliverian Volcanic (Oam) xenoliths into chlorite. Degnan et al. (2005) observes that the unit is
often associated with non-planar fracture planes, and that elemental mercury observed out of the
outcrop has often appeared within or nearby chlorite schist xenoliths. As a result, the unit is
important to study as it likely accompanies structures that transmit groundwater and mercury.
Dip data was not recorded in Figure 51 because the majority of brittle structures were
either horizontal sheeted joints (described later in the three-dimensional geologic model) or the
steeply dipping fracture traces mapped in Figure 51. This characterization was also confirmed in
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Degnan’s research, which included lower-hemisphere stereonets of brittle planes plotted as poles
from two bedrock well cores at the chlor-alkali outcrop:

Figure 52: Lower Hemisphere stereonets from Degnan et al. (2005) showing orientation with
poles to planes of bedrock structures in two wells drilled in the chlor-alkali facility outcrop. On
the site map at right, MW14 is at the orange dot, while the blue dot marks the location of MW15.

In the stereonets in Fig. 52, the majority of the poles are either close to the middle (horizontal
sheeted joints) or near the edge (steeply dipping). Our dip data confirmed that the majority of
non-horizontal fractures were dipping close to vertical. This allowed us to analyze the strikes of
the fractures together and confidently summarize the fractures as rose plots. It also informs the
creation of the three-dimensional schematic of groundwater flow explained later in this section.

4.2.2 Ductile Features
The ten measurements of schist strike at the chlor-alkali outcrop indicate the presence of an
upright syncline feature that plunges gently to the NE, as shown in the stereonet from the Results
repeated in Figure 53.
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Figure 53: Foliation data from the outcrop adjacent to the chlor-alkali facility mapped as planes
(left) and analyzed as the cylindrical best fit from the poles and a Kamb contour (right).

Degnan et al. (2005) reported a similar feature in his characterization of the same outcrop
adjacent to the former chlor-alkali facility. The stereonet poles shown in Figure 54 indicate the
results from Degnan et al. (2005) from both the gneissosity observed from biotite foliation in
Oobg as well as chlorite schist lenses from non-planar fractures.
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Figure 54: Stereonets of foliation data from Degnan et al., (2005), with the poles of gneiss
foliation on the left and those of the non-planar fractures with chlorite schist on the right. The
plot on the left indicates the presence of F2 folds in gneissosity.

The orientation of the fold axis is similar between the features found from my own foliation data
and those in observed by Degnan et al. (2005). The trend of the fold axis from my own data was
24 degrees, while the structures observed by Degnan et al. (2005) trend 48 and 37 degrees
respectively. The axes from both reports also plunged to the NE: mine at 21 degrees while those
observed by Degnan et al. (2005) plunged 34 and 26 degrees. These plunge values are relatively
low and do not restrict the groundwater from traveling in both directions along the NE-SW
striking syncline; particularly because larger scale analyses indicate plunge directions to the SW.
In addition, the report by Degnan et al. (2005) claims that observations of elemental mercury at
the field site were associated with the chlorite schist lenses. These units tend to populate areas in
the bedrock near non-planar fractures associated with the gneissosity of Oliverian gneiss
(Degnan et al., 2005). This confirms that the ductile features are not only legitimate conduits
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groundwater, but also have been observed to transport elemental mercury into the Androscoggin
River watershed.

4.3 Medium Scale Structural Domains
4.3.1 Brittle Features
As stated in the results, measurements of Mesozoic joint fractures were recorded in the field at
various outcrops in downtown Berlin in addition to the outcrop adjacent to the former chloralkali facility. These included the eight outcrops at the penstocks as well as the silicified zone
downstream from the Riverside Dam. These additional data were combined onto the mediumscale map in Figure 13 in the Results, indicating the prominent fracture strikes at each field
outcrop as well as the mapped silicified zones. Degnan et al. (2005) included a similar map in
their USGS report, as explained in the Introduction and shown again in this section in Figure 55:
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Figure 55: Azimuth-Frequency plots for fractures, fracture domains and foliation near the
cell-house site (Degnan et al., 2005).
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For careful comparison of my results with the 2005 report, Degnan’s medium-scale rose plots
were plotted on top of my own medium-scale map. From this combined dataset, three distinct
domains were drawn, as shown in Figure 56.
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Figure 56: Medium-scale structural domains interpreted from data collected in this thesis as
well as data from the Degnan et al. (2005) USGS report. Data from Degnan et al. (2005) is
summarized with light green lineaments (specific outcrops) and rose plots (domains).
Degnan’s data are plotted spatially as the green lineaments, and the rose plots summarize the
fracture trends on each side of his fracture domains, drawn diagonally across the map in the
same color. The field fracture data from my own study is summarized by the purple lineaments
at the penstocks and chlor-alkali facility outcrops. The shaded areas indicate domains that
each have distinct feature strikes. Although the data from Degnan et al. (2005) only includes
Mesozoic joint fractures, the data from the latest study also includes the axial trace data (navy
blue symbols) and silicified zones (red lineaments). The boundaries for the structural domains
were drawn using all three of these data types.
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In Figure 56, lineaments were drawn above each outcrop to illustrate the prominent strikes of
structural features. They function as simplified rose plots to illustrate regional trends of fracture
strikes. The green lineaments represent the prominent strikes of Mesozoic joint fractures at
various outcrops in the downtown Berlin area measured by Degnan et al. (2005). The purple
lineaments indicate the prominent strikes interpreted from data collected during this thesis. The
green rose plots and fracture domains summarize the interpretations from Degnan et al. (2005).
Figure 56 also contains the silicified zones and foliation data mapped at the medium scale during
this latest study. The three structural domains summarize all three data types from my own study
as well as the Mesozoic fractures measured by Degnan et al. (2005).
Overall, the features mapped during my own study were consistent in strike with the field
data from Degnan et al. (2005). However, there were several significant changes to the domain
boundaries between the two analyses. In the updated interpretation, the domain boundary
between the NE/NW and N/NE boundaries was shifted from the west side of the river to the east
side, largely due to the measurements of NE striking silicified zones in the riverbed below the
Smith Dam. In addition, the original map from Degnan et al. (2005) did not separate NW and E
striking domains to the east of the river (highlighted in pink and blue in Fig. 56). The
distinction between these areas is slight when the data from Degnan et al. (2005) is viewed in
isolation. However, my data from outcrops north of the penstocks clearly contain prominent NW
strikes and belong to a different domain than the features measured farther downstream. The
addition of a third domain better represents the majority of features in the area.
But in other areas, the data from Degnan et al. (2005) did influence the characterization
of structural domains defined by the latest data. For example, the data from my own research
consistently indicated a region of strong NE striking features to the north and east of the
penstocks region, including at the former chlor-alkali facility outcrop, while Degnan
characterized this area with prominent North striking features. Closer inspection of my own data
revealed that some of the fractures classified as NE were closer to N, or less than about 20
degrees. In addition, the map from which the green lineaments were drawn did not include
Degnan’s own representation of the former chlor-alkali facility, which had a much larger
population of NE features and correlated more closely with my own results. As a result, the
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creation of the region to include both N and NE striking features is a compromise to describe the
features identified the latest study as well as those in the report by Degnan et al. (2005).
There were relatively few silicified zones mapped in this region compared with Mesozoic
joint fractures, but they were significant enough in size that they became an important
component of my own data to identify structural domains. The large silicified zone south of the
Riverside Dam confirms the placement of that section of the river within the NE striking domain.
There are also two silicified zones that strike at NE and NW directly adjacent to each other near
the penstocks. Although the boundary to NE domains was drawn several hundred feet to the
west, these silicified zones confirm that both NE and NW striking features are prominent in this
area of the river.

4.3.2 Ductile Features
Foliation data as well as interpreted axial traces from the latest field research were also included
in Figure 56. Previous studies of structural domains at this scale did not include foliation data.
The inclusion of these features on Figure 56 verifies the strong boundary of the NE striking
domain along the Androscoggin river. The syncline feature above the former chlor-alkali facility
as well as the anticline and syncline across the river match the NE striking domain
characterization, while the gentle curve of the anticline to the east of the superfund site conforms
with the change in fracture domain.
As mentioned earlier in this discussion, there is evidence that the ductile deformation
near the former chlor-alkali facility does influence groundwater flow and has been associated
with observations of elemental mercury. Figure 57 shows the stereonet of foliation data from all
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three field locations in the medium-scale map, and reveals a syncline feature whose hinge line
trends to the NE and plunges gently to the SW.

1
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3

Figure 57: Stereonet images of schist strike foliation planes measured at the chlor-alkali facility
and the outcrops at the penstocks. The image on the left shows all foliation planes and the image
on the right indicates the planes as poles, a cylindrical best-fit line, and the eigenvalues
summarizing the results of an axial plane analysis.

As explained in the figure caption, the syncline described by the medium-scale foliation data has
a fold axis trend to the SW at 208 degrees, and plunges gently in that direction by 2.8 degrees.
This confirms larger-scale interpretations indicating that both brittle and ductile features channel
groundwater along the NE-SW trend, and suggests that non-planar fractures may direct
groundwater down the hydraulic gradient of the Androscoggin River. This feature may explain
how a large amount of contamination could enter the river through the bedrock beneath the
former chlor-alkali facility.

4.4 Regional Structural Domains
The value of summarizing structural domains is particularly obvious when extrapolated to the
regional scale. As illustrated in the regional results map in Figure 47, this study analyzed
regional transmissible features identified from LiDAR hillshade imagery as well as Mesozoic
joint fractures, silicified zones, foliation planes and dikes measured in the field across the
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quadrangle. In a process similar to the creation of the medium-scale structural domains shown in
Figure 56, the regional domains were drawn over the results figure to separate regions with
distinct strikes, shown in Figure 58:

Figure 58: Regional map of structural domains across the Berlin quadrangle drawn from the
regional-scale features mapped above.

The regional domains displayed in Figure 58 were described in terms of NW, NE and E strikes,
which were the same orientations found at the larger-scale analysis in Figure 56. However, the
domains were spatially distributed somewhat differently than those in the medium-scale map.
Although the local medium-scale domain map implied a strong N/NE domain to the northwest of
the Androscoggin River, the regional domain map identified an area of primarily NW striking
fractures that covered most of the area to the north of the former chlor-alkali facility, including
the areas surrounding Jericho Mountain State Park, Mt. Forist, and Mt. Jasper. This difference
101

could potentially be reconciled by the characterization of the area due north of the former chloralkali facility as a transitional domain between NE and NW striking structures. This theory is
supported by fractures mapped by Degnan et al. (2005), as they map one rose plot that contains
distinct NE and NW fracture sets in the same location near Bridge St. in Figure 56.
In addition, the regional map indicated that the region covering both sides of the
Androscoggin River contained primarily NE striking features, while the medium-scale map
revealed a boundary down the river so that areas southeast of the former chlor-alkali facility
were predominantly E striking. In the regional map, a domain with prominent E striking features
is not mapped until much farther southeast of the river, near the entrance to the landfill. One
potential explanation for this discrepancy is the fact that the remote-sensing methods used to
identify regional features is better suited to areas with high elevation due to generally low
amounts of glaciated till. The low-lying area between the former chlor-alkali facility and the
landfill contains few transmissible features that could be identified from the LiDAR imagery. As
a result, it is possible that the glaciated till does mask an E striking belt closer to the
Androscoggin River that would better correlate with the medium-scale interpretation.
Another potential explanation is the distinct change in bedrock units between the two
regions. Bedrock data from the 2020 mapping data has defined a relatively clear boundary
between the Ordovician volcanic and igneous rocks of the Bronson Hill Anticlinorium (BHA)
and the Silurian metasedimentary units of the Central Maine Terrane (CMT). The boundary,
known as the Mahoosuc Fault, has been has been interpreted differently between various
regional studies by Billings and Fowler-Billings (1975), Lyons et al. (1997) and Moench et al.
(1997). Our latest research from the 2020 mapping season suggested that the boundary runs
between the high-elevation area near Trident Col and the area of till just north of the landfill
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(Eusden and Hillenbrand, 2021). The plate in Figure 59 by Eusden and Hillenbrand (2021)
indicates the location of the Mahoosuc fault based 2020 mapping data.

Figure 59: Bedrock map of a section of the Berlin quadrangle showing the location of the
Mahoosuc Fault that separates the metasedimentary rocks of the Central Maine Terrane (CMT)
from the plutonic units of the Bronson Hill Arc. For orientation, the red square indicates the
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location of the chlor-alkali facility, the blue circle is the center of the Mt. Carberry Landfill, and
the green triangle marks the summit of Cascade Mountain.

Figure 59 suggests that the former chlor-alkali facility is within the middle of NE structural
domain, while the Mt. Carberry landfill sits just over the boundary in the NW, E and NE striking
domain. Corroboration of these same locations on the map in Figure 58 indicates that the
Mahoosuc Fault is similar in location and direction to the boundary between the two strike
domains. In addition, the region in which a wide range of strikes were recorded, namely
Cascade Mountain in the SE corner of the quadrangle, is also directly within the CMT units. The
distinct difference in provenance and metamorphic history between the CMT and BHA rocks
may explain the differences in strike direction and density between the two regions.
Ductile measurements from across the north half of the quadrangle included 217 schist
strike measurements, and as explained in the results, the syncline feature illustrated by the
regional stereonet continued to strike in the NE-SW direction (48 degrees) plunging gently to the
NE. Figure 60 shows the results of the regional ductile data plotted on the stereonet.

Figure 60: Stereonet images of schist strike foliation planes measured across the entire Berlin
Quadrangle. The image on the left shows all foliation planes and the image on the right
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indicates the planes as poles, a cylindrical best-fit line, and the eigenvalues summarizing the
results of an axial plane analysis.

Despite the hingeline trend direction toward the NE, the fact that this is a regional summary of
ductile data with a relatively low plunge value means that many of the syncline traces identified
across the quadrangle may funnel groundwater toward the SW, like the feature in the mediumscale analysis. The consistency of ductile feature strikes at the regional scale confirms
hypotheses drawn from local features that ductile syncline features could funnel water from the
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superfund site to the SW into the Androscoggin River. The stereonet analysis also confirms the
large number of syncline and anticline traces mapped in Figure 58 that strike NE-SW.

4.5 Three-Dimensional Geologic Model
The USGS report by Degnan et al. (2005), portrays the major dynamics of groundwater
transmission in the former chlor-alkali superfund site using a three-dimensional model, pictured
in Fig. 61. Although the illustration is a schematic that does not attempt to map specific
structures measured in the field, it does clarify how the features identified in local and regional
bedrock maps could influence the flow of groundwater exiting the contaminated site. The model
proposes that groundwater primarily flows east to west across the site and towards the
Androscoggin River through openings created by the steeply dipping Mesozoic joint fractures
and non-planar fractures filled by chlorite schist. Barrier walls in the overburden and fill do not
extend into the bedrock, and water from the eastern side of the site can travel west by flowing
through a combination of sheeted joints, steeply dipping Mesozoic fractures and chlorite schist
xenoliths. Water stage data summarized by Degnan et al. (2005) indicates that the cell house site
cap effectively limits overburden aquifer recharge from precipitation. However, a limited
amount of groundwater from the bedrock is still able to flow under or through the barrier wall
through a “stair-step pattern” of conjugate steeply dipping brittle fractures to reach the
overburden (Degnan et al., 2005). This explains how contamination in the overburden can be
transported into the bedrock and into the Androscoggin River despite the artificial barriers.
Although Degnan suggests that the influence of local hydrogeology on mercury storage and
transport requires further study, he theorizes that dissolved mercury could follow the flow paths
indicated by the blue arrows (Degnan et al., 2005). Well data showing rapid water-level
fluctuations in observation wells near the riverbank suggests that the hydraulic conductivity of
individual fractures near the river may be quite high and capable of flushing contaminants into
the river (Degnan et al., 2005). Consequently, Degnan et al. (2005) conclude that subhorizontal
fractures are the most likely ways in which groundwater travels laterally through the site. The
stair-step model of contamination transport is further supported by previous observations of
elemental mercury within the non-planar fractures filled with chlorite schist.
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Figure 61: Conceptual model proposed by Degnan et al., (2005) from field measurements,
GPR surveys, and hydrological well data measured at the chlor-alkali facility.
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The updated geologic model in Fig. 62 makes a number of changes from the previous
representations in Fig. 61 that communicate results found in the updated local and regional
analyses of transmissible features. The pegmatite and chlorite schist units are altered in a
syncline shape to reflect the foliation data measured in the Oliverian gneiss at the former chloralkali facility and at the penstocks. Although the model does not overlap with any other field
locations in which foliation data were measured, these bedrock units that intruded the Oliverian
gneiss are expected to be altered by the anticlines and synclines depicted on the bedrock maps
across the quadrangle. Small Oam xenoliths were added to the model to better reflect field
observations, but it is unclear how they are affected by the syncline deformation. The syncline
feature nearest to the Androscoggin River, pictured in the model, could influence the flow of
groundwater (and potentially mercury contamination) by redirecting water flowing east to west
to follow the SW-NE cylindrical fold axis identified at all three scale analyses. As discussed
previously in this section, the stereonet of the foliation data for the medium-scale analysis (which
included the former chlor-alkali facility and the penstocks) revealed a fold axis that plunged
gently to the southwest. If this interpretation were used to define a future model of groundwater
flow, the foliation could direct the groundwater down the hydraulic gradient of the Androscoggin
River and facilitate the distribution of contaminants into the ecosystem.
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Figure 62: Revised conceptual model of transmissible features at the chlor-alkali superfund
site incorporating results from additional bedrock mapping and regional hillshade analysis of
transmissible features at various locations throughout the Berlin quadrangle.
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Figure 62 also maps sheeted joints in green, observed in the latest field studies. These were
planar fractures observed at the former chlor-alkali facility with low dip values and which often
extended laterally for ten meters or more. The model from Degnan et al. (2005) interpreted all
the fractures as conjugate joints to the steeply dipping Mesozoic fractures, but the shallow dip
values we observed in the field suggest that these are a distinct set of fractures. The existence of
these laterally continuous features suggests that groundwater can travel horizontally through
bedrock beneath the former chlor-alkali facility. While the model by Degnan et al. (2005)
proposed that groundwater moved laterally through a “stair step” pattern between steeply
conjugate dipping joints, the revised model suggests a more direct method of lateral groundwater
flow via the sheeted joints. Furthermore, field observations at the site suggest that both sheeted
joints and steeply dipping fractures cut pegmatite and Ammonoosuc volcanic units. The
combination of these revisions to the geologic model suggests enhanced lateral movement of
groundwater and contaminants to the Androscoggin River.
4.6 Impacts on Local Biota and Ecosystem
As explained in the introduction, signs of elevated levels of mercury have been found throughout
the quadrangle. Although the existence of a contamination plume is yet to be defined, several
studies have measured the presence of mercury within Androscoggin River watershed. One
USGS study in particular, authored by Chalmers et al. in 2013, maps elevated levels of total
mercury (THg), organic divalent mercury (Hg(II)), and methylmercury (MeHg) in nine reaches
along the Androscoggin River between the Pontook Reservoir in Errol and the Shelburne Dam in
Gorham. Mercury levels were recorded from samples in pore water and sediments, as well as in
various types of biota including trout, swallow eggs, and crayfish. The division of the
Androscoggin River into nine reaches allows for the spatial analysis of mercury contamination to
identify where contaminants could enter the hydraulic gradient. Figures 63, 64 and 65, also
shown in the introduction, demonstrate the elevated median concentration of total mercury
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(THg), reactive divalent mercury (Hg(II)) and methylmercury (MeHg) in fine sediments along
each of the nine reaches of the Androscoggin River analyzed by Chalmers et al. (2013).
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Figure 63: Total Mercury (THg) data from
Chalmers et al. (2013) as 50th quartile in ng/g
along nine reaches in the Androscoggin River
from the Pontook Reservoir to the Shelburne
Dam.

Figure 64: Reactive Divalent Mercury
concentration from Chalmers et al. (2013) as
50th quartile in ng/g along nine reaches in the
Androscoggin River.
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Figure 65: Methylmercury (MeHg)
concentration from Chalmers et al. (2013) as
50th quartile in ng/g along nine reaches in the
Androscoggin River.

As explained in the introduction, elevated levels of all three species of mercury were observed
beginning at AR-4, which is the reach below the former chlor-alkali facility. In reaches
downstream of the former chlor-alkali facility, speciation was highly dominated by nitric acidextractable forms of mercury indicative of higher Hg0 concentrations. While this suggests that
the proportion of bioavailable mercury is actually lower downstream of the former chlor-alkali
facility, it also indicates a higher concentration of the same mercury species released from
industrial contamination. In addition, the elevated levels of mercury in biota, including in trout,
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swallow eggs, and crayfish, as well as a higher absolute concentration of MeHg, suggests that
bioavailable mercury continues to be produced within the watershed.
This data confirms that mercury contamination is not only exiting the former chlor-alkali
facility, but accumulating in sediments downstream of the former chlor-alkali facility. The
entrance of mercury contamination into the stream via the outcrop immediately adjacent to the
former chlor-alkali facility is plausible given the dynamics explained in the three-dimensional
model. The fact that many of the features observed at that outcrop are also present in other
outcrops surrounding the former chlor-alkali facility suggests that contamination is spreading
through groundwater into other areas of the quadrangle without the help of the Androscoggin
River. For example, the set of E striking fractures to the southwest of the penstocks area shown
in the medium-scale map (Figure 56) could channel groundwater away from the Androscoggin
River towards communities to the south and west of downtown Berlin whose exposure to
contamination has not yet been evaluated.
In September, 2020, the EPA Region 1 released a Record of Decision for cleanup of the
former chlor-alkali site, as mentioned in the Introduction. The report detailed plans for continued
remediation of contamination in the area. Although there were some discussions of in-situ redox
remediation, future efforts were primarily focused on the physical containment of harmful
substances, including the improvement of the slurry barrier and maintenance of the outer
retaining wall (ROD, 2020). The research presented in this thesis suggests that the physical
containment efforts described in the ROD may not fully prevent the escape of mercury
contaminants. According to the document, the containment efforts involve “maintaining the
existing fence and containment system” consisting of the “landfill cap, monitoring wells,
retaining wall along the river, and slurry wall along the east and south sides of the landfill to
prevent groundwater infiltration” (ROD, 2020). While the attention to monitoring and
maintenance of existing structures is essential, the suggestion that slurry walls prevents
significant groundwater movement at this site may be flawed based on the results produced in
this thesis. The geological data collected by both Degnan et al. (2005) and in this report both
suggest that groundwater is capable of traveling vertically between the overburden and the
bedrock, allowing limited recharge to occur in the overburden aquifer despite the existence of the
cell-house cap. Consequently, the man-made barriers do not completely prevent the escape of
contaminants through groundwater flow as a result of the bedrock features beneath the
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overburden. Studies suggest that mercury, like many heavy metals, is impossible to fully degrade
within the natural environment (in situ), and that remediation must involve either immobilization
or removal (He et al., 2014). As a result, it should be realized that the maintenance of existing
barriers around the cell-house till are likely insufficient to fully contain mercury contamination
within the cell-house site.

Conclusions
The collection of bedrock geology and structural feature data at three distinct scales within the
Berlin quadrangle yields a greatly improved analysis of groundwater flow within and
surrounding the former chlor-alkali superfund site. Regional bedrock mapping confirms that the
former cell-house site is within the Bronson Hill Arc, although the Mahoosuc fault and the
boundary to the metasedimentary Central Maine Terrane is located in the southeast corner of the
quadrangle.
The Ordovician Oliverian biotite gneiss (Oobg) and pegmatite units that surround the
former chlor-alkali facility are heavily fractured with brittle post-metamorphic structures. These
include steeply dipping joint fractures created during the rifting of Pangaea, horizontal sheeted
joints, and silicified zones. The parent units also contain chlorite schist and amphibolite
xenoliths. Distinct foliation within the Oobg parent rock is present and measurable from distinct
biotite crystal deformation. In the large and small scale analyses, ductile data described upright
syncline features whose axial planes plunged gently to the northeast, while the medium scale
analysis described an upright syncline feature at a very similar orientation but with a hinge line
dipping gently southwest. Across all three scales, brittle structures as well as the axial traces of
ductile folds were predominantly striking NE-SW, NW-SE, or E-W. Three structural domains
were interpreted in each of the medium- and small-scale maps whose features had distinct strike
categories. Across all scales, the NE-SW striking member was the most prominent.
These findings help define how groundwater could transport contaminants from the
former chlor-alkali facility into various parts of the surrounding ecosystem. At the former chloralkali facility itself, the combination of steeply dipping joint fractures and sheeted joints suggests
that groundwater can migrate between the contaminated till and the bedrock. This challenges
previous conceptions that subsurface barrier walls could effectively prevent groundwater from
penetrating the till and flushing contaminants into the ecosystem. On the large scale, strong NE-
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SW trending fractures and transmissible structures could quickly transport contaminated
groundwater into the Androscoggin River and other ecologically sensitive areas from the cellhouse site. This explains why elevated levels of mercury are found in parts of the Androscoggin
River downstream of the site. Data from previous reports suggest that bioavailable species of
mercury are more quickly created from elemental mercury in conditions similar to the reaches of
the Androscoggin River south of the Berlin quadrangle. This suggests that mercury
contamination in wildlife could continue south of the Berlin quadrangle without proper remedial
solutions.
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