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Four-dimensional
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rock aquifer (FRA) in Bennington,
Vermont, U.S.A
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of Science and Mathematics, Bennington College, Bennington, VT, United States, *Center for Earth and
Environmental Science, SUNY at Plattsburgh, Plattsburgh, NY, United States, *Department of
Geosciences, University of Massachusetts at Amherst, Amherst, MA, United States, °Environmental
Protection Agency-New England, Boston, MA, United States, "New England Water Science Center, U.S.
Geological Survey, Montpelier, VT, United States

Between 2016 and 2019, the Vermont Department of Environmental Conservation
discovered that groundwater from over 50% (355/628) of wells and springs
in the Bennington area had perfluorooctanoic acid (PFOA) concentrations >
20 parts/trillion (ppt) (Vermont action level). The distribution of contaminated
wells was complex, with very different PFOA concentrations in closely-spaced
wells (<100m apart). PFOA was introduced into the environment by a factory
that produced Teflon™-coated fabrics from about 1978-2002. Manufacturing
involved PFOA expulsion from smokestacks followed by atmospheric transport,
deposition, and downward leaching to the aquifer system. The fractured rock
aquifer was characterized through physical components (geologic mapping,
spatial analysis of wells, and geophysical logging) to build a Three-dimensional
conceptual model and then map the spatial distribution of chemical groundwater
tracers (PFOA, major and trace elements, stable isotopes, and and recharge ages),
adding a fourth temporal dimension. The field area consists of four imbricated
metamorphic rock slices bounded by thrust faults. The dominant fracture sets that
overprint these slices control the N-S and E-W topographic “grain.” Geophysical
logging divided wells into those completed internal to or on the margins of
thrust slices. Major and trace element analysis shows that groundwater can be
spatially discriminated into carbonate (TDS, Ca, Mg, HCOz), shaly (Sr, U, SO4), and
siliceous (K, Si) groups. Depleted H,O stable isotope signatures characterize the
siliceous group. Recharge-ages determined from CFC11, 12, and 113 and tritium
correlate with geochemical groups and were divided into "older” (~1953-73) and
"younger” (1963-88), which predate and are synchronous with factory operation,
respectively. Our conceptual model shows recharge from highlands to the west
and east flowing toward the Bennington valley where it is locally tapped by wells
along thrust faults or fracture zones. This water has older recharge ages and
anomalously low PFOA concentrations (<6.7 ppt in 12 of 15 samples, mean =
7.9 ppt) compared to the majority of wells in this region, which are completed
in the internal portions of thrust slices. These wells contain groundwater
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FIGURE 9

Location maps for chemical hydrogeological (tracer) analyses in the extended field area. Simplified bedrock geology modified from Ratcliffe et al.
(2011). Wells and springs sampled for: (A) Perfluorooctanoic Acid (PFOA) between 2016-2019 (Vermont Dept. of Environmental Conservation, n.d),
(B) major and trace element analysis, (C) stable isotopes, and (D) recharge-ages. Groundwater hydrochemical signatures that correspond to spatial
location and bedrock type are shown in (B—D) as Geochemical Groups (GG) 1, 2, 3, 4, and 5. See text for explanation.

ternary diagram with axes of [alkalinity/(K+SiO;)], [Ca/SO4],
and [Sr/Mg].

Groundwater hydrochemical signatures that correspond to
spatial location and bedrock type are distinguished in Figure 11
as follows:

e Geochemical Group 1 (GG1) waters consist of a low Ca/SO4
signature and relatively low alkalinity (Figure 11A), high Sr,
SO4 and U on a spider diagram (Figure 11B), and a unique
field in the center of the ternary diagram in Figure 11C. These
wells are associated with black slates and phyllites of the
Walloomsac Formation in the western part of the study area
(Unit Ow on Figures 5, 8; New York Slice on Figures 4, 9).
PFOA is considered low in GG1, registering as non-detect
(<6.7 parts per trillion [ppt]) in 6 of the 7 wells, with one
well containing 22 ppt. Using a value of 3.35 (% of the
detection limit) to determine means, GG1 has mean PFOA
concentration of 6.4 ppt and median of <6.7 ppt.
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e Geochemical Group 2 and Group 4 waters (GG2, GG4) are

typical of carbonate-dominated groundwater chemistry, with
high alkalinity (Figure 11A), relatively high Na, Cl and NO3
and low SiO; and U (Figure 11B) and a relatively distinct
field on the ternary diagram that relates to high Ca and low
Sr in these groups. Although compositionally similar, GG2
and GG4 occur in different zones within the aquifer system
(Figure 9B), so are differentiated based on location. GG2 is
considered to have high PFOA values, with mean (median) of
662 ppt (410 ppt) PFOA and a range of <6.7 to 2730 ppt. Wells
in GG4 have medium-level PFOA values consisting of a mean
(median) of 77 ppt (68 ppt) and range of <6.7 to 172 ppt.

Geochemical Group 3 (GG3) is spatially situated between
GG2 and GG4 and produces groundwater from wells in
carbonate rocks (Figure 9B), but the chemical signature is
quite distinct from GG2 and GG4 carbonate wells. GG3 wells
have anomalously low alkalinity (Figure 11A) as well as low Ca
and Mg, but notably high K and SiO, compared to GG2 and
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FIGURE 10
Color contour intervals for PFOA in groundwater overlain by an Air Deposition Envelope (ADE) for PFOA (black polygon) (A). See inset map (B) for the
full extent of the ADE. The ADE is the approximate land area over which air airborne PFOA deposition was leached to groundwater in detectable
concentrations. The envelope was delineated by extensive sampling of soil and shallow groundwater seeps/springs (Schroeder et al., 2021). Red
polygons with black hachures are areas where: (1) Low PFOA areas within the groundwater contours separate higher PFOA areas (labeled with A), (2)
Some high PFOA areas in the groundwater contours extend in a SW direction, which is at a high angle to the long axis of the ADE (labeled B), (3)
Some low PFOA areas in the groundwater contours decrease abruptly from high PFOA areas (labeled with C). See text for details. RLL, Rice Lane Low
is a low PFOA area.

GG4 carbonate wells. These anomalies cause GG3 wells to plot e Geochemical Group 5 waters (GG5) are from springs and
distinct from the carbonate-dominated well water of GG2 and one well in the Green Mountain foothills to the east of
GG4, and suggest influence from a source area rich in K and the Bennington valley. Most notably, they plot with a very
SiO; and lacking Ca-Mg-CO3. PFOA is non-detect (< 6.7) in similar pattern to GG3 waters on Figure 11B, i.e., relatively

all wells in this group. enriched in K and SiO; compared to GG2 and GG4. They
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Major and trace element discrimination diagrams used to “fingerprint” Groundwater Groups (GG): (A) Ca/(SO4) vs. Alkalinity/(K + SiO,), (B)
Multi-element "spider” diagrams, and (C) Sr/Mg, 5 x Ca/SQOg, Alkalinity/(K + SiO,) ternary diagram. PFOA, Perfluorooctanoic Acid; TDS, Total Dissolved

4661 ( A GG1mean)
©GG2 ( () GG2mean)
uGG3 ( I Ge3 mean)
O GG4 ( {) GG4 mean)
X665 ( XGGS mean)

Alkalinity / (K + SiO,)

Plotted values are ratios of concentrations in mg/L (ppm) except for
Sr (ppb).

are like GG3 waters on Figures 11A, B, and GGl waters
on Figure 11A. GG5 has low PFOA values, with mean
(median) of 9.6 ppt (<6.7 ppt), and non-detect PFOA in 6 of
8 samples.

4.2.3. Stable isotopes

All groundwater sample $>H-H,0 and 3'¥0-H,O values plot
close to the regional meteoric water line (Cole and Boutt, 2021;
Vermont Dept. of Environmental Conservation, n.d) with varying
isotopic compositions from—12 to—8 §!80-H,0 %o (Figure 12).
The stable isotopic data can be found in Supplementary Table 3.
See Figure 9C for all sample locations. The isotopic composition
of the waters is distinguished by the varying amounts of heavy
isotopes present in the waters. The Bennington College (BC) till
well samples have the most enriched in heavy isotopic composition
(more positive) with an internal sample range of ~1.5 3'30-
H,0 %o. The GG1 and GG2 groups vary by a similar amount
(1.5 3'80-H,0 %o) but are distinctly more depleted in the
heavy isotopic composition. The GG4 samples have the smallest
internal sample variability and cluster between the upper and
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lower end of the GG1/2 and BC till wells composition. The
GG5 samples have the largest range (> 2 8'80-H,0 %o) and
also cover the whole range of non-till groundwater samples.
They do not cluster but rather are distributed across this range.
Compared to this distribution, the GG3 wells tightly cluster
between—11 and—10.5 8'80-H,0 %o and are significantly more
depleted than most other samples. The geochemical groups were
defined based on elemental chemical components (not isotopic
compositions), nevertheless there is some relation between the
geochemical groups and the variability and isotopic composition
of the waters.

All water samples (except for GG5) were collected within a
relatively narrow surface elevation band above sea level (ASL) (171-
287 m) and show no statistically significant trend in composition
with elevation. The till wells are the most enriched, show
seasonal variability, and because they are water table samples,
they likely range in direct vertical recharge conditions across the
lower portions of the river valley. The most depleted isotopic
compositions of the till samples are interpreted to be reflective of
average cold-season recharge conditions along the valley bottoms
(lower elevations). The overlap in the GG4 group and the most
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FIGURE 12
Dual water isotope plot of all water samples reported here. Regional meteoric water line from 2 years of bi-weekly amount weighted precipitation
isotope samples from across Massachusetts (Cole, 2019). Vienna Standard Mean Ocean Water, VSMOW. Inset—Box and whisker plot of 8:80-H,O
values for the Geochemical groups and till wells. Box plots depict the minimum, first quartile, median, third quartile, and maximum. GG, Groundwater
Groups; BC, Bennington College monitoring wells.

depleted till well samples suggest that the GG4 wells receive
local, low-elevation recharge waters. GG1 and GG2 samples
range from this enriched end member to depleted values and
are interpreted to be mixtures of low-elevation and perhaps
high-elevation recharge waters. The GG5 group waters range in
elevation from 317-792m ASL with a median value of 658 m
ASL, with most of these waters being spring samples. Thus,
these waters likely reflect high-elevation recharge waters with
a mixture of cold and warm season recharge conditions. The
GG3 samples are from wells ranging from 171-226 m ASL and
plot in a distinct cluster apart from other low elevation well
samples (e.g., GG1, GG2, GG44). These waters are isotopically
distinct from the rest, with the exception of high elevation
spring water samples of GG5. Thus, these GG3 waters likely
reflect a source of recharge in the high-elevation to the east
or are waters that were recharged to the FRA locally, but
during a period with more depleted (i.e., colder) low-elevation
recharge water. The relation between precipitation water isotopic
composition and elevation was not statistically valid in the region
(Cole and Boutt, 2021). This is likely due to the absence of
higher elevation isotope precipitation samples. A local elevation-
dependent isotopic analysis does not exist for the region (Cole
and Boutt, 2021). The stable H,O isotope samples reflect source-
water characteristics compared to the elemental geochemical
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information which is influenced by weathering and residence
time characteristics.

4.2.4. Groundwater age-tracers

CFC11, CFCl12, CFC113, SFs, and tritium concentrations
were analyzed from 25 groundwater samples in the field area
to determine recharge ages (Figure 9D). Recharge-ages were not
analyzed for all major and trace element geochemistry samples.
All recharge-age data are presented in Supplementary Table 4
whereas USGS data alone is in a data release (Shanley et al,
2023). Average/Apparent recharge ages were calculated from the
CFC concentrations using appropriate recharge temperatures and
elevations and converted to year of recharge (Plummer and
Busenberg, 2000). Figure 13A shows the recharge years with
standard deviations for the samples from each geochemical group.
Tritium data in tritium units (TU) are also plotted for the samples
in each geochemical group in Figure 13B. The CFC and tritium data
in Figures 13A, B are raw/unprocessed.

Figure 13A generally shows “older” and “younger” CFC age
groups, with the former being GG1 and GG3 and the latter GG
2 and GG4. Samples 12-14 in GG 3 and one samples in GG 1
plot below the approximate current tritium threshold for “modern”
water (~0.2-0.4 TU, (Plummer and Busenberg, 2000), indicating
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Groundwater recharge-age data by geochemical group for: (A) CFC11, CFC12, and CFC113 with error bars (standard deviations) and (B) Tritium in
Tritium Units (TU). Pre-modern (pre-1953)/ Modern (post-1953) water lines modified from Plummer and Busenberg (2000) and Solomon and Cook
(2000). See text for details.

recharge that predates the presence of tritium in rainfall from
atmospheric atomic bomb testing in 1953 (Figure 13B). CFC data
for these same samples indicate recharge around 1953. Pre-modern
waters are older than 1953 and modern waters are younger than
1953.

Samples 3-4 also have CFC recharge ages near 1953, however,
they also have much higher levels of Tritium (~4 TU), which
suggests a modern source (s) of Tritium, possibly related, in part, to
the 1963 Tritium peak in atmospheric precipitation (Figures 13A,
B) (Solomon and Cook, 2000). Sample 1 has a much younger CFC
age (1969) and a Tritium level of ~6 TU, indicating a significant
component of modern water. Sample 15 has a CFC recharge-age of
1973, but a Tritium concentration of ~1 TU, indicating a significant
proportion of modern water.

With one exception, all GG2 and GG4 samples have
younger CFC recharge-ages that range from ~1980-1992, which
fall within the timeframe of ChemFab plant operation (Barr
Engineering, 2018) (Figure 13A). Tritium abundances of ~4-
7 TU also indicate modern water. Sample 8 in GG2 has an
older CFC recharge age of 1962 and Tritium level of ~1 TU
that suggests a mixture of pre-modern and modern waters
(Figure 13B).
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5. Discussion

5.1. Conceptual site model-integration of
data from physical and chemical data sets

This study followed a comprehensive aquifer characterization
approach in which a three-dimensional physical model of the
aquifer(s) was built (geologic mapping, the spatial analysis of
domestic wells, and geophysical logging) and used as a framework
for tracing the behavior of chemical groundwater tracers (PFOA,
major and trace elements, stable isotopes, and recharge-ages). This
integration converted the spatial three-dimensional framework
into a temporal four-dimensional model (Figure 3). The names of
the major thrust faults and lithotectonic slices are simplified in the
following sections and figures as follows: Breese Hollow Thrust =
Thrust Fault 1; Green Mountain Frontal Thrust = Thrust Fault
2; New York Slice = Slice A; North Bennington Slice = Slice B;
Bennington Slice = Slice C; and Green Mountain Slice = Slice D.

The FRA is complex and is composed of four lithotectonic
slices of clastic and carbonate metamorphic rock that are bounded
by three shallowly east-dipping thrust faults (Figure 14). Based
on the major and trace element discrimination diagrams and
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(2011).

the field area can be divided
which
reflect groundwater-rock interaction with different lithologies

spider diagrams of Figure 11,
into five spatially distinct geochemical groups (GG),

and anthropogenic contaminants. The spatial extents of the
geochemical groups are shown on Figure 14 and are defined
by: (A) GG2 and GG4 waters are carbonate-dominated (TDS,
Ca, Mg, HCO3); (B) GG1 waters reflect pyrite-rich shale (Sr,
SO4, U);
micaceous rocks (SiO,,

(C) GG3 waters indicate contact with siliceous and
K); and (D) GG5 is similar to GG3,
in that K and SiO; are relatively dominant, but at much
lower concentrations. Despite both GG2 and GG4 having a
carbonate signature, GG4 waters can be distinguished from
those of GG2 based on higher Na, Cl, and NOs; this suggests
greater anthropogenic input from road salt and/or septic tanks
or farms.

Based on geophysical logs and bedrock geologic maps, GG1 and
GG3 are located on or near thrust slice margins whereas GG2, GG4,
and GG5 are situated in the internal parts of thrust slices or, when
near a thrust fault, only penetrate to shallow depths. Some wells in
GG1 and GG3 were completed through Thrust Fault 1 and Thrust
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Fault 2, respectively, and explain a great deal about the “plumbing”
in the fractured rock aquifer in the field area.

Two GGI1 wells were completed through the carbonates in
the hanging wall of Thrust Fault 1 (Slice 2) and into rusty gray
phyllites of the foot wall (Slice A) (wells 3 and 4, Figure 8). Whereas
well 3 has a static water level within 6 m of the ground surface,
well 4 is a flowing artesian well. Both wells have upward borehole
flow from the thrust zone, a Sr, SO4, U geochemical signature,
a variable stable isotopic signature, non-detectable PFOA, and
average CFC recharge ages of 1953. This groundwater recharged in
the highlands on the New York side and flowed within the FRA
along foliations and/or fractures to Thrust Fault 1, where it was
intercepted. Other GGlwells tapped water with the same chemical
characteristics in the Slice A west of this thrust fault. Geophysical
logging of the thrust wells demonstrates that Thrust Fault 1 is a
conduit for groundwater flow, likely because of the strong hydraulic
conductivity contrast between the carbonates of the foot wall and
the phyllites of the hanging wall.

GG2 wells were all completed within the interior of the Slice 2
and have a carbonate signature (TDS, Ca, Mg, HCO3), high PFOA

20 frontiersin.org
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concentrations (mean = 662 ppt), mixed stable isotopes, average
recharge ages coincident with the factory operation (1978-2002),
with one exception for a sample with an older recharge age (1962)
and PFOA below detection limits. From geophysical logging, two of
these wells had upward and downward borehole flow from separate
structures, two wells had downward borehole flow only from a
single structure, and three wells had upward borehole flow only
from a single structure. The USGS modeled the recharge ages of
groundwater from some of these wells using TracerLPM (Jurgens
et al., 2014; Shanley et al., 2018) and found that all were a mixture
of younger and older water.

GG3 wells have a K-Si geochemical signature; non-detect PFOA
levels; depleted stable isotopes; and recharge ages that range from
1952-73, although ages for four of five samples only range from
1952-57. GG3 groundwater is mostly present in wells from the
“Rice Lane Low” (RLL) PFOA area, but spatial outliers of this water
group occur significant distances to the west and east from the RLL.

The RLL area is within a neighborhood that overlies a N-S
striking bedrock basin that is filled with thick (> 18 m) overburden.
The wells in this zone are shallow (< 61 m) bedrock wells that
are cased through the overburden, and some are characterized
as flowing artesian. This basin is the northern extension of a
fracture zone that controls the course of the Walloomsac River
and intersects an E-W fracture zone downstream to the west.
Geophysical logging of one of the wells in the RLL (well #14,
Figure 8) showed that groundwater entered the well along an E-
W fracture 6.5m below Thrust Fault 2, which juxtaposes rusty
weathering black phyllitic quartzites with carbonates. A second
well that was logged produced upward flow of water from a sub-
horizontal cavern at 41 m, possibly related to Thrust Fault 2.

Two GG3 water zones are located outside of the RLL area: a
well located 1.6 km west of the RLL (and within an area of GG2
wells) and a spring (Morgan Springs) 3.2 km southeast of this RLL
zone. The western outlier well produces groundwater from an E-W
fracture at 174 m below the ground surface, which is presumably
part of fracture zone controlling the course of the Walloomsac
River at this longitude. Morgan Springs has been used as a water
supply for the Town of Bennington for many decades. This flowing
spring formerly emerged directly from bedrock until it was covered
over relatively recently (Wagner, 1987). The bedrock structural
control for groundwater flow to Morgan Springs is not known.

The spaced distribution of GG3 waters in the study area
indicates that structural control in the FRA is likely important,
particularly fracture zones and thrust faults. The K-Si signature,
which is derived from interaction with siliceous and micaceous
rocks, along with the very depleted stable isotopes, and the older
CFC and tritium recharge-age dates, suggest long flow path and
residence time groundwater travel from recharge to discharge,
making the Green Mountains the likely recharge area. In fact, this
groundwater recharge area was corroborated through a steady-state
regional groundwater flow model using MODFLOW 2005, which
simulated groundwater flow in the FRA of Bennington, and found
that the Barney Brook watershed, (directly east and southeast of
Morgan Springs), is the simulated recharge zone for this spring
in the foothills of the Green Mountains (Larkin, 2019). This type
of recharge could be considered mountain front or block recharge
(Wilson and Guan, 2004), depending on its source.
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GG4 waters have a carbonate geochemical signature (TDS,
Ca, Mg, HCO3), but differ from GG2 based on higher Na, Cl,
and NO3. medium PFOA levels (mean = 77 ppt), variable stable
isotope patterns, and average recharge ages spanning from 1981-
86. On the Figure 14 summary map, GG4 wells straddle the Rice
Lane Low, which is spatially associated with Thrust Fault 2 and an
intersecting N-S fracture zone. The elevation of the eastern body
of GG4 wells nearly reaches the foothills of the Green Mountains.
The GG3 Morgan Springs is situated generally south and east of the
GG4 areas.

GG5 wells and springs are located the farthest to the east in the
field area and span topographically from the foothills to the core
of the Green Mountains. These waters have a K-Si geochemical
signature that is similar to that of GG3 waters, but at much
lower concentrations. Some GG5 waters also have a depleted stable
isotopic signature that falls in the same field as GG3 samples. We
believe that GG3 and GGS5 are spatially and temporally related, with
GG5 waters being the precursor for GG3 waters via long flow paths
and residence times from recharging in the Green Mountains to
discharge in Morgan Springs (3.2-6.4 km), or interception by wells
in the RLL (9.7 km), or the western outlier well within GG2 wells
(11.3km). The C’-C topographic gradient descends rapidly from
the core of the Green Mountains to the RLL in the Bennington
Valley. This direction is also parallel to the dominant fracture
sets, which strikes E-W. In addition to the topographic/fracture
gradients, it is also possible that GG3 water moves along Thrust
Fault 2 from the north to south toward the Walloomsac River
Valley. The surface expression of this thrust fault rises 213 m as it
moves northward.

“The major processes controlling groundwater flow in
intermontane basins are poorly understood, particularly in basins
underlain by folded and faulted bedrock and under regionally
realistic hydrogeological heterogeneity” (Ball et al., 2013, p.
6788). In fact, “mountain-front recharge” is described as the
input of mountainous provinces to recharge in neighboring basin
aquifers, in semi-arid and arid climates (Wilson and Guan, 2004).
Although the Green Mountains of Vermont are much older and
topographically subdued relative to southwestern mountains, the
total relief of mountains vs. valleys in Vermont and New England
often exceeds 610 m, supporting these hydrologic divisions. From
lowest to highest elevations, this type of hydrologic region is
comprised of the basin, the mountain front and the mountain
block. The relief of a mountain block can be generated through
tectonic processes such as thrust faulting, normal faulting, or
volcanic eruption (Wilson and Guan, 2004). The location of
the mountain front is where the mountains meet the piedmont
(Wilson and Guan, 2004). Mountain-front recharge is defined as
infiltration from streams and springs near the mountain front
through the vadose zone into surficial and fractured rock aquifers,
whereas mountain-block recharge is only “subsurface inflow from
the adjacent mountains” (Wilson and Guan, 2004, p. 4).

The RLL (GG3) is situated between the areas of GG2 and
GG4 groundwater types (Figures 14, 15), but has markedly different
geochemistry and recharge ages. Morgan Springs (GG3) sits to
the southeast of most GG3 wells and to the west of GG5 wells
and springs. If Morgan Springs and RLL waters are geochemically
related to GG5 waters as longer distance and residence time
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from Ratcliffe et al. (2011). See text for details.

Conceptual Site Model (CSM) cross section C-C' showing lithologies; thrust faults; bedrock basins; groundwater geochemical groups; mountain
block, mountain front, and basin divisions; and thematic groundwater flow patterns. Vertical exaggeration = 3X. Simplified bedrock geology modified

equivalents, then the wells in neighboring GG4 must be bypassed by
the flow of these waters from the east, ostensibly as shallow or deep
mountain block recharge. The westward flowing groundwater from
GG5 must move along structures in the FRA as shallow mountain
block recharge (Figure 14) and “daylight” as a flowing spring
at Morgan Springs. A deeper flow path (deep mountain block
recharge) carries chemically-evolving GG3 groundwater beneath
the wells in the eastern GG4 well cluster to where it intersects
Thrust Fault 2 and N-S fracture zone at the RLL and is extracted
by shallow wells in the fracture zone; some of this water also
continues westward along an E-W fracture zone that constrains the
Walloomsac River and is tapped by the deep western outlier well
(174 m; ID 72016-6).

The two most important factors affecting recharge to the
crystalline rock aquifer in the Mirror Lake area of neighboring
New Hampshire were (1) the relief of land and bedrock surface
above groundwater discharge areas, and (2) lateral variations in
bedrock hydraulic conductivity (Harte and Winter, 1996). A NW-
SE cross-sectional model of the Mirror Lake area, based on head
measurements in piezometers and major element groundwater
chemistry, showed that water recharged at elevations from 549
to 640m in the mountains could discharge at three different
surface water body elevations, which were Norris Brook (274 m),
Mirror Lake (183 m), or the Pemigewasset River (152 m) (Harte and
Winter, 1996). This model explains how water infiltrated high in the
Green Mountain-Block as recharge (GG5) water could discharge
at the elevation of Morgan Springs as GG3 water. At a scale of
kilometers at the USGS Mirror Lake Site, the hydraulic conductivity
of the schists and cross-cutting granites was controlled by less
transmissive, rather than highly transmissive fractures, essentially
following topography at larger scales (Shapiro et al., 2007).

GG3 wells that have K-Si signatures, no PFOA, depleted stable
isotopes, and old recharge ages (1952-73) can be found in the RLL
at the intersection of Thrust Fault 2 and a steeply dipping N-S
fracture zone. The GG3 West Outlier well sits in the middle of a
group of GG2 wells, but, unlike nearby GG2 wells, is tapping water
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from a deep E-W fracture zone. The E-W and N-S fracture zones
control adjacent reaches of the Walloomsac River. The GG3 well
groups, which have no PFOA, occur in areas that are adjacent to
or surrounded by wells with medium- high PFOA levels, indicating
that this older groundwater with a K-Si signature is controlled by
flow along bedrock structures including the previously-described
fracture zones and thrust faults.

Using contoured PFOA concentrations in groundwater in the
study area (Figure 10), we suggested that high and low PFOA
zones, which are oriented at a high angle to the surrounding “air
deposition envelope,” cannot be explained by air deposition alone
and may reflect heterogeneity/ anisotropy in the FRA. Some specific
examples from Figure 10 where the PFOA “Areas of Interest” (AOI)
correspond with structural features include: (1) AOI C s in the foot
wall of Thrust Fault 1 where the groundwater has GG1 chemistry
(Sr, SO4, U) and is too old to have any PFOA, (2) AOI B is in the
hanging wall of Thrust Fault 1 where the groundwater has GG2
geochemistry (TDS, Ca, Mg, HCO3) and high PFOA because it
is much younger; Thrust Fault #1 runs between AOI C and AOI
B, and (3) The RLL, which is in the northern part of the largest
AOI A polygons, sits in a prominent N-S trending fracture zone
where groundwater has GG3 (SiO-, K) chemistry and is too old to
have PFOA.

Few multidisciplinary studies of the fate and transport of
PFAS in complex FRAs are known in the literature, particularly
at the large scale of this Bennington study. Recent studies
(Senior et al, 202la,b) used previously existing geophysical
logs and modern PFAS tests of groundwater to constrain
their conceptual site models and the fate and transport of
this contaminant at a former factory and a Naval Warfare
Center in Pennsylvania. An in situ PFAS remediation technique
using colloidal activated carbon (CAC) in connected surficial
and fractured rock aquifers found that it was much more
difficult to remediate a fractured dolostone aquifer because
of the complexity of fractures (McGregor and Benevenuto,
2021).
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5.2. Conclusions

Our integrated physical and chemical aquifer characterization
approach supports the following:

1) The PFOA contamination area is composed of four thrust
slices of weakly-metamorphosed sedimentary rock that
are juxtaposed by three east-dipping thrust faults. From
west to east these slices are composed of phyllites and
limestones (Slice A), dolostones and limestones (Slice B),
dolostones and quartzites (Slice C), and schists and gneisses
(Slice D).

2) A bedrock surface contour map of the contamination area,
which also integrates field structural data, shows that river
and stream valleys are strongly controlled by N-S and E-W
striking fracture zones and thrust faults, which also influence
groundwater flow. Buried bedrock valleys with deep (> 18 m)
overburden are also controlled by fracture zones.
3) Geophysical logging of selected wells and bedrock mapping
suggest that wells be grouped according to structural position,
intra-thrust slice or thrust slice margin. Slice margin wells
that penetrate thrust faults have upward wellbore flow
whereas intra-slice wells have either upward or downward
wellbore flow.
4) A comparison of the predicted distribution of PFOA on the
ground surface from an air deposition envelope with contours
of PFOA in groundwater indicated that, although the general
shape of the contours for both data sets are elliptical, there
are low- and high-concentration PFOA areas of interest in
the groundwater that occur at a high angle to the broad large-
scale ellipse. Most of these areas of interest correspond with
major structures in the fractured rock aquifer.

5) Spatially distinct GGs were delineated from major and trace

element data for wells (and springs); these groups reflect

water-rock interaction in the different carbonate and clastic
rocks in the slices described in #1. GG2 and GG4 have
carbonate (TDS, Ca, Mg, HCO3) signatures, while GG1 and

GG3 have Sr, U, SO4 and K, Si clastic signatures, respectively.

GG5 waters also have a K-Si signature, but at much lower

concentrations than GG 3.

6) GG3 and some GG5 waters have depleted stable isotopic

(deuterium and '®0) signatures suggesting recharge at high

elevations in the Green Mountains, likely from snowmelt; in

the case of GG3, flow along faults and fractures transports
mountain block recharge to the PFOA-free RLL and other

GG3 groundwater zones in the valley.

7) Recharge-ages determined from CFC and tritium strongly

correlate with geochemical group. GG1 and GG3 are older

(1953-73), generally predating the factory operation, whereas

GG2 and GG4 are younger (1963-88) and generally are

synchronous with ChemFab factory operation. GG1 and

GG3 groundwater, which is intercepted by wells in specific

thrust faults or fracture zones, had long flow paths and

residence times between recharge and discharge. GG2 and

GG4 groundwater is younger, representing a mixture of

young and old recharge ages, and is only accessible to wells

completed in the interior of slices.
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8) Given that soil tests (Barr 2018) have
part/billion levels of PFOA, the soils and surficial materials in

Engineering,

the contamination area will likely continue to be a source for
the downward movement of PFOA through the unsaturated
zone to the surficial and fractured rock aquifers in the future
(Schroeder et al., 2021).

5.3. Postscript

The PFOA contamination of wells in Bennington was first
discovered in January 2016 in wells surrounding the former
ChemFab plant by the VIDEC and testing was rapidly expanded
outward to a radius of 1.6 kilometers and beyond during
that winter and spring. The Vermont Geological Survey was
first asked to provide the basic geologic framework for the
contamination in mid-March of 2016, which, upon further request,
was expanded into a comprehensive physical and chemical aquifer
characterization study, with the field work portion beginning in late
April 2016 and ending in mid-January of 2019.

Although this paper reports in detail on the hydrogeologic
framework for the PFOA contamination, it is important for the
reader to understand that this study was one part of a massive
public health, scientific, and legal effort by the State of Vermont;
some elements of this effort follow. After elevated PFOA levels
were determined in wells, bottled water was immediately made
available to the affected owners. This was followed by installation of
Point of Entry Treatment (POET) filtration systems using activated
carbon; this occurred from 2016 onward. In July 2017, the State
of Vermont settled with the responsible party (Saint-Gobain) to
pay for the installation of new water lines using uncontaminated
water sources in the western half of the contamination area and
in April 2019 in the eastern half (Vermont Public Radio, 2017,
2019). For homes with contaminated wells that are not near the new
public water lines, well construction and PFOA testing protocols
are being developed to permit new wells to be drilled in these
areas. Groundwater in the full PFOA contamination area (52 km?)
is currently being formally reclassified as Class 4 (non-drinkable,
non-potable) by the State of Vermont.
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