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DETAILED CVOC SOURCE AREA INVESTIGATION IN THE
CONTEXT OF A FRACTURED BEDROCK CONCEPTUAL SITE
MODEL
A Case Study
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ENSR International; 2US Army Corps of Engineers, New England District; 3 The Johnson Company

Abstract:

Dissolved-phase transport of groundwater contaminants through crystalline bedrock fractures is often highly
heterogeneous and challenging to conceptualize. Groundwater flow can be restricted to a discrete subset of
connected bedrock fractures, while contaminant transport may not be well correlated with the degree of
fracture-zone hydraulic activity. While characterizing hydraulic interconnectivity between source areas and
receptors and between individual wells is a desired component of a conceptual site model (CSM), scale issues
may prevent the identification of specific contaminant pathways or the prediction of contaminant
concentrations throughout a site. Detailed characterization in known or suspected contamination source areas,
in the context of an existing CSM, not only guides remediation and monitoring strategies, but also will
enhance understanding of contaminant transport to potential off-site receptors.
The case study area in coastal Maine is underlain by fractured metavolcanic and intrusive bedrock, present at
or near the ground surface. Water levels are as deep as 120 feet in some wells. Groundwater flow is
restricted to fractures, lithologic contacts, or faults within the bedrock. Chlorinated volatile organic
compounds (CVOCs) discharged on site from past operations have been detected in wells at concentrations
varying from more than 3,000 micrograms per liter to below detection limits, with a heterogeneous spatial
distribution. A variety of investigations has led to the development of a CSM for the site. Information
obtained from detailed source area investigations may allow identification of specific contaminant pathways
within the source area, but not at the greater distances that are present between the source area and some
receptors.
Investigations, conducted or planned, that focus on the CVOC source areas include: geologic and fracture
mapping, surface and borehole geophysical surveys, whole-well and packer sampling, monitoring well
installation and angled coring, rock matrix analysis for CVOCs, rock mass characterization, soil sampling,
photolineament analysis, borehole radar investigation, hydrophysical logging, packer sampling, and water
level monitoring. A combination of conventional and less frequently-applied techniques has allowed an
assessment of contaminant transport pathways in the source area, a refinement of the CSM for the overall
site, and a more direct evaluation of remedial options.
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INTRODUCTION

Groundwater flow and the transport of dissolved-phase, chlorinated volatile organic compounds
(CVOCs) through fractured crystalline bedrock depend on a distribution of interconnected permeable
pathways within the rock mass. The geometry and hydraulic conductivity of these pathways are
difficult to characterize, but these attributes have a major impact on the degree of success in
designing, implementing, and monitoring a remedial program.
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This paper presents a case study from a former Air Force Radar Tracking Station (AFRTS) in
Bucks Harbor, Maine. Groundwater in some locations in and near the former AFRTS is impacted
with dissolved CVOCs, principally trichloroethylene (TCE) (Weston, 2005).
A conceptual site
model (CSM) for the hydrogeology of the fractured bedrock at the site provides context for
summarizing selected results of an ongoing investigation of one of the Bucks Harbor source areas.
Due to the comprehensive volume of field data collected for this project to date, discussion of results
here focuses on bedrock fracture characterization, observed hydraulic gradients within and between
wells, distribution of TCE within a suspected source area, and implications for contaminant transport.
The former Bucks Harbor facility is located in Machiasport, Maine, approximately 25 miles from
the Canadian border (Weston, 2005). The Bucks Harbor facility was used by the U.S. Air Force as a
radar tracking station (AFRTS) from 1954 to 1984 (ABB Environmental Services, Inc. (ABB, 1997).
The remainder of this paper focuses on ongoing investigations in the Howard Mountain source area
(Figure 1). Although the history and exact locations of contaminant releases are not fully known,
anecdotal information (Weston, 2005) indicates that various locations near the Howard Mountain
summit were source areas for TCE.

2.

GEOLOGIC SETTING

The topography (Figure 1) is characterized by low, glacially-modified coastal mountains with
intervening valleys. Ground elevations in the study area range from sea level to greater than 250 feet
on the summit of Howard Mountain (Figure 1). The east flank of Howard Mountain is a cliff, with a
gravel pit below.
The Howard Mountain summit area (Figure 1) is believed to be a source area for groundwater
impacts due to the release of TCE and other CVOCs onto the ground. Domestic drinking water
supply wells are located on the flanks or at the bases of the mountains. Some of these wells are
impacted, while others are not.
Overburden deposits are generally thin (20 feet or less) or absent over most of the higher portions
of Howard Mountain. Extensive cliffs or other outcrops are present east, north and west of the
Howard Mountain summit. Where present, overburden generally consists of artificial fill or glacial
till in most portions of the Bucks Harbor area.
The study area is underlain by igneous and/or metamorphic bedrock, including the lower
Devonian Eastport formation, penecontemporaneous diabase and gabbro intrusives, and other mapped
formations (Gates, 1981, 1982). The Eastport formation includes metavolcanic basalt, andesite, tuffbreccia and rhyolite (Gates, 1982). Banded rhyolite and vitrophyre are the most commonly-observed
of the Eastport formation rocks in the study area (Weston, 2005). Devonian plutonic rocks, including
mafic intrusives as well as various metasedimentary rocks, are also mapped nearby (Gates, 1981,
1982).
It is noted that metamorphic structures and tectonic belts in the region trend northeast-southwest
(Gates, 1981, 1982). A mapped fault zone that trends north-northwest to south-southeast (NNW/SSE)
transects the study areas along the northeast flank of Howard Mountain with the down-dropped block
to the east of the fault (Gates, 1981, 1982). Because of its linear trace in plan view, a steep dip for the
fault can be inferred (Gates, 1981). The fault or fault zone probably underlies the gravel pit that
occurs at the base of the cliffs along the northeast flank of Howard Mountain (Argonne National
Laboratory, 2005) and may be about 1000 feet wide (Figure 1).
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Figure 1. Case Study Area Site Map

Bedrock fractures have been measured at outcrops in the study area and interpreted from borehole
acoustic televiewer (ATV) and optical televiewer (OTV) logs in bedrock wells. These fractures strike
in a variety of directions, with the most common orientations reflecting the regional tectonic strike,
northeast, and the mapped fault orientation, north-northwest (Weston, 2005; USGS, 2006). In the
metamorphic and igneous rocks in the study area, primary porosity and permeability are probably
negligible. For groundwater to occur in storage or to flow in these rocks, secondary porosity and
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permeability, derived from openings such as fractures, faults, metamorphic foliation, fractured
bedding planes, or weathered zones, must be present.

3.

METHODS

The investigations described in this paper are ongoing and are part of a Remedial Investigation
(Weston, 2005) and Feasibility Study (ENSR, 2006) for the Bucks Harbor site. Detailed
investigations at the Howard Mountain source area include geologic and lineament mapping and
bedrock fracture measurement; vertical and inclined bedrock drilling, coring, rock mass assessment,
and monitoring well installation; borehole geophysical surveys (including geology, image, and
borehole radar tools); water level monitoring; whole well water sampling and analysis; both depthspecific standard and wireline straddle packer sampling; flow characterization using hydrophysics and
vertical heat pulse flow meter; overburden trenching; spring/seep sampling; and surface geophysical
surveys (EM, 2D Resistivity, GPR, refraction tomography).
Inherent in bedrock site investigations is the logical sequence of site evaluation tasks and the need
to refine the scope of each task based on the results of the previous task. This logical sequence of the
tasks begins with the evaluation of the available data followed by non-invasive site investigation tools
as listed above. Invasive investigations such as test pits and trenches, soil and bedrock boring,
bedrock coring, angled boring and coring, monitoring well construction, and soil and groundwater
sampling follow as appropriate. The case study described here employs the Triad approach
(U.S.EPA, 2004), which allows scoping flexibility that has been crucial to the success of this project.

4.

RESULTS AND CONCEPTUAL SITE MODEL

According to the conceptual site model (CSM), the most significant geologic structure in the area
is the Howard Mountain Fault Zone, which occurs along the eastern edge of Howard Mountain
(Figure 1) and trends NNW/SSE (Gates, 1981). Photolineaments (MGS, 1986; ABB, 1995; and
USACE, 2004) and topography suggest that a fault zone associated with the Howard Mountain Fault
may extend from the cliffs on Howard Mountain, eastward approximately to an unnamed brook
(Figure 1).
A compilation of bedrock fracture measurements from outcrops (ABB, 1995; USACE, 2004;
ENSR, 2006) and ATV and OTV interpretations (USGS, 2004, 2006, Weston, 2005) indicate that
within the fault zone, NNW-striking fractures are strongly predominant. In the vicinity of former
Buildings 114 and 501, located near the Howard Mountain summit, NNW-striking fractures with
steep dips are common (dominant near Building 114) with NE-striking fractures with steep and
moderate dips also present, especially near Building 501 (ENSR, 2006). A study of fracture spacing
and length (USACE, 2004) at an outcrop on the southwest flank of Howard Mountain indicates that
the mean fracture length ranges from 1.6 to 2.7 feet, while the mean fracture spacing ranges from 0.30
to 0.89 feet. In both cases, the statistical distribution (of length and spacing) is log normal or
exponential, so a few fractures that are much longer can be expected. Likewise, occasional blocks of
rock with greater fracture spacing (less fracture density) can also be expected.
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Figure 2. Rose diagram of Fracture Dip Azimuths (True North) in 45-degree angle core C-114

Borehole radar surveys of Howard Mountain wells MW-09 and MW-10 (USGS, 2004) reveal that
a significant number of radar reflectors that may represent fractures are present in the rock mass.
Many of these can be projected to intersect either the well bores or the ground surface (USGS, 2004).
Moderate to steeply-dipping radar reflectors with a variety of strikes are prevalent in the MW-09
vicinity, and steeply dipping fractures that strike NNW or NE are prevalent in the MW-10 (Building
114) area.
A 45-degree angle hole (C-114) was continuously cored into the rock beneath one of the presumed
source areas, the former Building 114. The use of an angled borehole resulted in the penetration of
numerous high-angle, near-vertical fractures. The rock core was inspected and described in detail,
and two distinct sets of fractures were observed. One fracture set was generally filled and sealed with
secondary chlorite deposition, while the second fracture set was unsealed, and generally had orange
iron oxide staining associated with it.
Borehole geophysical surveys (Johnson Company, 2006) were combined with the core
observations to evaluate the significance of the two fracture sets: the iron oxidized set (indicative of
water percolation) and the relatively impermeable chlorite filled fractures. While the dominant
fracture orientation dips to the north, most of these fractures are chlorite filled. In contrast the iron
oxidized fractures, which serve as the most probable pathway for CVOC migration to groundwater,
dip both north and west (Figure 2). The interconnectivity of the north and west dipping iron stained
fractures, observed at many depths in the C-114 core, may allow “stair-step” or zigzag migration of
CVOCs rather than preferential travel down strike or dip along fractures.
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Figure 3. Howard Mountain Block Diagram

As described above, sources of fracture information for the Howard Mountain summit area include
air photolineament analysis, outcrop fracture measurement, borehole geophysics, and core
description. The fracture network constitutes the potential pathways for groundwater flow and
contaminant transport. North-northwest and northeast fracture strikes are generally prevalent at the
site and north and west are the two most prevalent dip directions in the C-114 core. While this
characterization has probabilistic implications for flow and transport directions, discrete pathways
comprising a subset of intersecting fractures probably dominate dissolved TCE transport in the
Howard Mountain summit area.
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Figure 4. Howard Mountain Geologic Cross Section

In the summit area, the overburden is often unsaturated or only intermittently saturated.
According to the CSM, water that enters the overburden can be expected to infiltrate downward.
When the water reaches the bedrock surface, it may collect locally, flow laterally across the
impermeable bedrock surface, or infiltrate into a bedrock fracture zone. If the fracture is part of an
interconnected permeable network, the infiltrated water moves downward until it reaches the
potentiometric surface. If not, the water may remain stagnant in a disconnected fracture or infiltrate
extremely slowly, thus remaining perched above the local potentiometric surface. In the metamorphic
and igneous rocks in the study area, significant primary porosity and permeability are not expected.
For groundwater to occur in storage or to flow in these rocks, secondary porosity and permeability
derived from openings such as fractures, faults, metamorphic foliation, fractured bedding planes, or
weathering must be present. At some scale, however, individual wells or fractures may be
hydraulically isolated from each other, resulting in significant head gradients that do not necessarily
lead to flow. Groundwater in fractured bedrock generally flows in response to regional hydraulic
gradients, and follows tortuous pathways. The degree of interconnectedness of fractures appears to be
highly variable, which affects groundwater flow paths and contaminant migration. At the Bucks
Harbor site, some individual wells and fractures that are proximate to one another appear
hydraulically isolated from each other (ENSR, 2006). In such cases, significant local head gradients
develop but do not necessarily lead to flow.
For example, in the Howard Mountain summit area, the water levels in well MW-10 and MW-16
are approximately 120 feet below the ground (Figures 3 and 4). However, water-bearing fractures
have been encountered at shallower depths than the observed water levels in these wells. For
example, the water level is less than 20 feet below ground in monitoring well MW-15, which is
located approximately 32 feet from MW-10 and is only 50 feet deep. The observed water level in an
open-hole bedrock well that intersects more than one water-bearing fracture zone is a composite head.
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This water level depends on both the head (pressure) and flow characteristics of the water in each
fracture that intersects the well.
The approximate 100-foot difference in water levels between wells MW-10 and MW-15, which
are located only 32 feet apart, indicates that the wells are not hydraulically connected. This suggests
that the following may be true at the Howard Mountain Site: First, the shallow water-bearing
fractures that supply water to monitoring well MW-15 (between bottom of casing at 15 feet below
ground (ft bg) and 17.5 ft bg) may not extend laterally to monitoring well MW-10 (or MW-16) or
connect with fractures that intersect those wells. An alternate or additional explanation is that
fractures that provide water to well MW-10 (Figure 4) do not intersect with the MW-15 borehole
either because they extend beneath the bottom of the MW-15 borehole or because they do not extend
far enough laterally to reach it.
The primary chemicals of potential concern remaining at the Bucks Harbor facility are chlorinated
aliphatic volatile organic compounds (CVOCs) in groundwater (Weston, 2005). Trichloroethylene
(TCE) is the primary CVOC that has been detected, and as such, has been the primary focus of site
investigations. The highest concentrations of TCE at the Bucks Harbor facility have been detected in
the vicinity of Howard Mountain. The area downgradient of Howard Mountain is also the area where
most interim groundwater treatment measures (i.e., residential well GAC treatment systems) have
been implemented to prevent human exposure to impacted groundwater. Therefore, more data has
been collected to characterize the Howard Mountain area than the remainder of the site (ENSR, 2006).
TCE concentrations in Howard Mountain wells vary with both location and depth (Figures 3 and
4). The well that has recorded the highest TCE concentration (MW-10; TCE as high as 3770 ug/L) is
only 32 feet from MW-15, in which TCE was not detected when it was first sampled in April 2006.
New well MW-16 is also in the Building 114 area and has a TCE level of 880 ug/L (ENSR, 2006).
Because well MW-15 is considerably shallower than wells MW-10 and MW-16 (Figure 4), the data
suggest that there may not be a shallow bedrock source of TCE in the former Building 114 area. The
fracture(s) that supply water to MW-15 (between 15 and 17.5 ft bg) appear perched roughly 100 feet
above the water levels in the deeper wells (Figure 4) and thus are not likely to be hydraulically
connected to deeper fractures that transport groundwater with dissolved TCE.
At wells MW-09 and STMW-001, located southwest of the former Building 501 (Figures 3 and 4),
the situation is reversed, with the deeper well (MW-09) of the pair having the higher water level and
the lower TCE concentration. These observations suggest both an upward hydraulic gradient, as well
as the presence of a hydraulically active shallow bedrock fracture that exhibits TCE contamination. A
TCE detection (3.0 ug/L) in Seep-20 (Figures 2 and 3), located south of former Building 501, also
indicates that TCE remains in soil or in a shallow bedrock fracture in this vicinity.
Domestic and monitoring wells south, southeast, and east of the Howard Mountain summit are the
primary potential receptors in the Howard Mountain area. Groundwater impacts are absent or occur
only in low concentrations in available wells located in other directions from the suspected source
areas (Weston, 2005), although steeply dipping fractures carrying TCE-impacted groundwater could
have been missed by existing wells. TCE concentrations at the Bucks Harbor sites show considerable
variation both in map view and with depth within some of the wells (Figure 3). Further, certain
fractures carry TCE impacted groundwater, while others carry clean or relatively clean groundwater.
Based on dual-packer sampling, the TCE distribution is fairly uniform with depth in some
locations on Howard Mountain (i.e., monitoring wells MW-10, MW-11, and MW-17), whereas it
varies with depth elsewhere. In monitoring well MW-12, TCE concentrations are higher in the top
100 feet than they are below 200 feet, whereas in well DW-03, TCE concentrations appear to increase
with depth (Figure 3). The total depth of TCE impacts in the source area has not been determined.
The variable distribution of TCE in three dimensions at Howard Mountain suggests that discrete
fracture pathways (as opposed to an effectively porous medium) are responsible for the flow of either
impacted or non-impacted groundwater at the scale of investigation.
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DISCUSSION

The near absence of TCE in samples collected from MW-15 and another shallow monitoring well
in the Building 114 area of the Howard Mountain summit area (ENSR, 2006) and in soil samples
collected from the overburden (ENSR, 2006; Johnson Company, 2006) indicates that it is unlikely
that secondary sources of TCE remain in soil or the shallow bedrock underlying Building 114. The
results are more indicative of residual TCE in poorly connected or small aperture-width bedrock
fractures, which continues to provide a secondary source of TCE dissipating through the underlying
aquifer. The fact that mean fracture length is generally greater than mean fracture spacing suggests
that a number of fracture intersections should be present. Outcrop observations, C-114 core
observations (Johnson Company, 2006), and borehole televiewer observations (Weston, 2005; USGS,
2006) confirm the presence of fracture intersections.
In the former Building 114 area, water-bearing fractures that do not contain dissolved TCE are
present in the bedrock at depths shallower than 50 feet. In the same area, fractures that intersect
boreholes at depths between 50 and 200 feet contain dissolved TCE at concentrations greater than 500
ug/L. These fractures are apparently not hydraulically connected to the shallower fractures in MW-15.
These observations suggest that wells that are installed to perform or monitor remedial activities (such
as the injection of in situ oxidants) in the former Building 114 area need to penetrate to depths of at
least 50 to 200 feet and may need to be spaced at distances of 32 feet or less from each other in order
to reach the TCE-impacted fracture systems. Future investigations such as pumping or injection tests
and monitoring of conductive injectate transport using borehole radar may refine the parameters
regarding remedial injection and monitoring wells.
In the former Building 501 and MW-09 area of Howard Mountain, TCE-impacted groundwater is
present in shallow bedrock fractures and possibly overburden (near Seep-20). Upward groundwater
gradients exist in the MW-09 area. Also, MW-09 is an open borehole, while adjacent shallow well
STMW-001 is screened in shallow bedrock (Figure 4). In MW-09, the more transmissive fractures
have a dominant effect on the composite water level. Present data do not allow the identification of
the specific fracture or fractures that contribute TCE-contaminate groundwater to the well. Some of
the water-bearing fractures that intersect the borehole may be non-impacted. Remedial and
monitoring wells that may be installed in the former Building 501 and MW-09 area should be
designed to intercept shallow bedrock fracture zones.
Site characterization in a crystalline bedrock environment is a costly undertaking with inherent
uncertainty. This necessitates the assimilation of aerial photography review, historical document
review and published data review with the results of the non-invasive field efforts (bedrock outcrop
fracture measurements, site surveys, surface geophysics and groundwater testing) to design the field
program subsurface tasks (monitoring well installation, test pits, rock coring, geophysical anomaly
excavation, packer sampling and water level monitoring equipment installation). The approach is
both sequential and iterative, with the current CSM resulting from investigations to date and also
guiding planned future investigations. These include hydraulic and/or dye tracer testing, which will
be needed prior to the remedial action implementation.

6.

CONCLUSIONS

The Howard Mountain summit area is the site of a former United States Air Force radar tracking
station (AFRTS) where TCE was disposed of on the ground in various locations from the 1950s
through the 1980s. The Howard Mountain summit area is underlain by thin, generally unsaturated
overburden and fractured, banded rhyolite and dark vitrophyre, along with occasional mafic dikes.
Fractures with a variety of strikes and dips are present, but northeast and north-northwest-striking
fractures with steep dips are predominant. North-northwest–striking fractures are especially prevalent
along the eastern portion of the Howard Mountain summit area, adjacent to a regional, high-angle
fault zone located immediately east of the summit area. These fractures provide a complex network
of groundwater flow paths, some of which carry groundwater with no TCE contamination, and others
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of which are impacted. The concentrations of TCE vary in map view and with depth and do not
necessarily decrease or increase with depth or distance from the suspected source area(s) near
Buildings 114 and 501 on the Howard Mountain summit.
Differences in observed well water levels of over 100 feet in wells as close together as 32 feet
suggest that different fracture systems within the source area may be hydraulically isolated from each
other. The distribution and concentration of TCE in groundwater indicates the same phenomenon in
some locations. Describing and quantifying hydraulic connections and lack of connections in the
Howard Mountain source area has direct implications for optimizing remedial and monitoring design.
The studies described in this paper were performed under the direction of the U.S. Army Corps of
Engineers (USACE), New England District (NAE). USACE is the lead federal agency managing this
work, under the federal Defense Environmental Restoration Program (DERP) for Formerly Used
Defense Sites (FUDS). Several contractors, subcontractors, and governmental agencies have
participated in the ongoing Bucks Harbor project. Current contractors include ENSR Corporation, the
Johnson Company, and Weston Solutions. Geophysical services have been provided by Geophysical
Applications, Inc., RAS, Inc., Hager-Richter Geosciences, Inc., the USGS, and Argonne National
Laboratory. Staff members of all firms and agencies who participated in the project are thanked. Erik
Anderson of ENSR assisted with figure preparation.
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