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INTRODUCTION
The water resources of Vinalhaven Island,
Maine have become a great concern for
residents. Vinalhaven Island is composed
almost entirely of crystalline rock, mainly
coarse-grained granite and granitic porphyry
on the west coast area studied in this project.
The Vinalhaven aquifer is limited to bedrock
fractures, and groundwater movement depends
mostly on fracture patterns and density.
Fresh water on Vinalhaven results only
from precipitation on the island and thus the
Vinalhaven aquifer is considered to be a “solesource” aquifer (Vinalhaven Comprehensive
Plan, 2005). Contamination in such aquifers
can have lasting effects; saltwater intrusion
is already a concern for coastal Vinalhaven
residents. Supply risks are amplified during
periods of drought, and increased water
consumption due to a growing Vinalhaven
population (year-round pop. ≈ 1500, summer
pop. > 4000), especially during drier summer
months, has placed additional pressure on
the island’s limited aquifer (Vinalhaven
Comprehensive Plan, 2005).
This project reports the results of an exploratory
study designed to determine the present
condition of the Vinalhaven aquifer and to
provide useful feedback to Vinalhaven residents
using: (1) fracture orientation analysis; (2) water
quality data; and (3) water table elevation data.

METHODS
Field
Fracture orientation data were collected from
bedrock exposed along the coast for all three
sub-areas: Dog Point, Dyer Island, and Barton
Island (Fig. 1). Prominent fractures were
measured for dip angle and direction and their
locations were recorded with a GPS Trimble
Navigation unit. Detailed fracture orientation
data were collected at 15 sites of high fracture
density.
A total of 40 samples for water chemistry were
collected from surface water sources and from
wells of residents. All sample locations were
recorded with GPS (Fig. 1). Two wells were
interval-sampled every 30 feet for analysis of
changes in water chemistry with depth. These
samples were tested for pH, total dissolved
solids (TDS), and temperature on-site with a
YSI 63. An In-Situ Inc. Mini Troll™ device
was then placed in each of the wells and waterlevel measurements were taken every 5 minutes
for a number of days.
Instantaneous water surface depths and GPS
location were measured at 21 wells for use in
construction of a water table map.
Nine rock samples were collected from
various points within the study area for thin
section observation of microfractures or fabric
important to fluid flow and for bulk chemistry
analysis.

														
218

Tuttle, S. 2007. 20th Annual Keck Symposium; http://keck.wooster.edu/publications

thin section and a Phillips 2404 XRF vacuum
spectrometer was used to determine the major
oxide and trace chemistry of two of the samples.
Water table maps were constructed using
instantaneous well surface depths and the
interpolation capabilities of the 3D Analyst in
ArcGIS 9.2.

RESULTS

Fracture Analysis
Fracture density was generally low, with pockets
of higher density, and fractures were prominent
and laterally continuous. Stereonet plots of all
recorded fractures showed a dominant east-west
near-vertical fracture set at both Dog Point and
Dyer Island, with a strike of 90-100° (Fig. 2).
This fracture set was less prominent at Barton
Island, with a more dominant set at a strike of
20°. A less prominent near-vertical fracture
orientation was present at all three sub-areas
with a strike 45š (55š for Dyer Island). Nearhorizontal “exfoliation” fractures that paralleled
topography were ubiquitous throughout all three
sub-areas and extended for tens of meters.
Figure 1. Map of the study area on the west coast of
Vinalhaven Island, Maine. Detailed fracture study
sites are labeled and shown as red points. Wells and
sites of water sample collection (labeled) are shown as
blue points. Photolineaments are shown as black lines.

Laboratory
All water samples were analyzed at Franklin &
Marshall College. Samples not measured in the
field were tested for pH and TDS with a YSI
63, for chloride and nitrate with a Milton Ray
Company Spectronic 20D spectrophotometer,
and for ten elements characteristic of seawater
(Na, Mg, Ca, Mn, Ba, Al, Fe, Zn, Cu, and Ni)
with a Spector Ciros CCD ICP (inductivelycoupled argon plasma-optical emission
spectrometer). Multivariable statistical analysis
was run on the ICP data using JMP in an attempt
to identify correlated ions.
Rock samples were photographed and cut for

Thin section analysis of rock samples
collected from each of the three sub-areas
provided limited evidence of microfracturing.
Samples ST6-R7 and ST6-R8 from Dyer
Island, however, each contained multiple
veins and fractures at similar orientations to
the prominent vertical east-west fracture set
identified on outcrop scale (Fig. 2). Analysis
of photolineaments from the Vinalhaven GIS
database in the study area showed possible
relationships with outcrop and thin section scale
fractures (Fig. 2), as strikes of 6 of the 14 (43%)
photolineaments trend between 70° and 110°,
and 3 are approximately at the 45° orientation.
Thus, 64% of the identified photolineaments are
subparallel to local fracture orientations.
A plot of fracture connectivity of specific study
areas expressed as percentages of fracture
intersections and terminations (as described in
Cook, 2003) indicated that Dog Point and Dyer
Island fractures were moderately connected
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(about equal numbers of intersecting and
unconnected fractures) while most Barton Island
fractures intersected each other.

Figure 2. Stereonet of all recorded fracture
orientations, color-coded by sub-area (above). The
two great circle plots (black lines) show the major
orientations. The rose diagrams (below) show the
strike of fractures on three different scales: thin
section, outcrop, and photolineament.

Water Chemistry Analysis
None of the samples exceeded EPA primary
drinking water regulations (USEPA, 2006) for
Ba, Cu, or nitrate applicable to public water
systems. However, samples exceeded several
secondary standards (USEPA, 2006), which
are non-enforceable but can have cosmetic and

aesthetic effects. Total dissolved solids (TDS)
concentrations greater than 500 mg/L were
found in four wells (DY4, DY5, BA2, and the
bottom of DP2). These four wells were also
the only four that exceeded 250 mg/L of Cl and
only DY5, BA2, and DP2 exceeded 250 mg/L
of Na. Many of the samples contained Mn
concentrations greater than 0.05 mg/L, including
all five of the Dyer Island wells, Dog Point
wells DP1, DP2 and surface water sample DP3,
and Barton Island well BA2. Well DY2 also
exceeded 1.0 mg/L Cu. Four samples (DP1,
DP4, DP7, and DY1), all of which seem to have
a strong connection to surface water, contained
elevated Al levels of greater than 0.05 mg/L.
Finally, many of the samples were below a pH
level of 6.5, possibly due to the fact that the sole
replenishing source of the aquifer is rainwater
(pH ≈ 4.7) percolating through the thin soil
cover of the island.
Evidence for saltwater intrusion in the form
of elevated Na and Cl concentration was
found in several wells (Fig. 3). Two wells in
particular, BA2 and DP2 (McAulay well 2),
had Na concentrations of 721 mg/L and up to
5904 mg/L and Cl concentrations of 748 mg/L
and up to 8720 mg/L, respectively (seawater
has approximately 10,800 mg/L Na and 19,400
mg/L Cl). Well BA2 was a domestic well in
use by its owners, who reported an unpleasant
salty taste; they did not use the well for drinking
water. DP2 was one of two interval-sampled
wells and was not in current use by its owner.
High Na concentrations were found towards the
base of the well at and below 310 feet from the
ground level (270 feet below Mean Sea Level).
Water Table Elevation
Continuous well water depth measurements
showed cyclical, sinusoidal fluctuations in the
elevation of the water surface in coastal wells.
Fluctuations were observed in all three of the
wells monitored in my area: the McAulay
wells (DP1 and DP2) and the well of Sean
Gambrel. Sean Gambrel’s well was in current
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use and illustrated the effects of the tides,
pumping, and recharge in a coastal well, with
a generally sinuous curve punctuated by sharp
drops in water level. From the nine wells on
Vinalhaven that underwent continuous water
depth sampling, the relationship between water
level amplitude and distance from the shore that
might be expected in unconsolidated sediments
does not seem to exist.

fresh water above sea level should correspond
to 40 feet of fresh water below sea level at that
point.

Figure 3. Graph of calcium-over-magnesium by sodium in all water samples. Samples of elevated sodium content are
labeled. For well DP2 (red), the depth below ground level is shown

Water table maps (Fig. 4) that were constructed
using ArcGIS can be used to estimate the depth
of the fresh water lens on Vinalhaven according
to the Ghyben-Herzberg principle (Fetter, 1994):
z = [ρw / (ρs - ρw)] * h
where z is the depth of the fresh water-saltwater
interface below sea level, h is the elevation of
the water table above sea level, ρw is the density
of fresh water, and ρs is the density of saltwater.
The ratio of z to h is approximately 40:1,
depending on variations in the local density of
saltwater and fresh water, so that every foot of

The McAulay Wells Problem
Initial continuous measurements of water
surface depth in the McAulay wells, which are
about 300 feet inland, indicated very different
degrees of connectedness with the ocean.
According to the McAulays, well DP1 began to
taste salty about a month after use and DP2 was
drilled to replace it but immediately showed
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Ca, Mn and Ba, indicating the presence of
saltwater, were found towards the bottom of
DP2 (Fig. 5), while no obvious evidence was
found in DP1. Slight increases in TDS, Na,
Mg, and Ca were present in DP1, but only in
the bottom sample at 290 feet below ground
level.
However, new water level data suggest that
DP1 may be more connected to the ocean than
the previously indicated. Both of the loggers
were left in the McAulay wells after the end
of the project to acquire more data. The new
information indicates that the data logger in
DP1 may have been malfunctioning, and that
DP1 does fluctuate noticeably with the tides.

Figure 4. Water table maps of Dyer Island
constructed using 3D Analyst in ArcGIS 9.2.
1) Nearest neighbor interpolation, showing
locations of wells measured for water surface
depth and other control points of known water
table elevation. Water table elevation is shown
gradationally with relation to Mean Sea Level
(light areas show the water table surface are
above MSL while dark areas are below MSL).
2) Inverse distance weighted interpolation.
Like 1), the light grey areas are above MSL
(up to +16 ft), while the dark areas are below
MSL (down to -50 ft). (The medium grey at the
northern part of the island is 0 ft to -10ft MSL.)
Such a low elevation of the water table surface is
curious and may reflect the disconnected nature
of the fracturing in the granite bedrock.

Figure 5. Graph of increase in total dissolved solids
(TDS), sodium, magnesium, and calcium with depth
in well DP2 (above). Increases are remarkably
similar when shown on a logarithmic scale, with major
increases in concentration occurring from 280 ft to 370
ft below ground level. The jump in concentration at
250 ft may reflect seawater influence of a single feeding
fracture. The sinuous graph (below) shows the surface
elevation of the well over a period of a few days. The
rises and falls of the water surface are related to the
tidal fluctuations of the nearby ocean.

elevated salt levels (Robert McAulay,
personal communication). Water level
data from loggers in the wells showed that
DP2 exhibited water level fluctuations of
approximately 3 feet (Fig. 5) while DP1, only
30 feet away and slightly closer to the c
coastline, showed no visible tidal fluctuation.
In addition, elevated TDS, Na, Cl, Mg,
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DISCUSSION
Water resources in the coastal areas of
Vinalhaven of great concern. Although there is
no indication that the groundwater in the area of
this project is a risk to residents’ health, many
samples contained elemental concentrations that
exceeded secondary EPA standards for drinking
water. Definite evidence for saltwater intrusion
was found in two wells, and minor intrusion
may have occurred in three or more other wells.
Once intrusion occurs it is difficult to reverse
and contaminated wells may remain salty for
years, especially in sole-source aquifers like that
of Vinalhaven.
The risk of saltwater intrusion can be reduced
through intelligent well placement and moderate
water use. For example, wells should be drilled
as far back from the coastline as is conveniently
possible. The prominence and lateral continuity
of fracturing in this study area could likely
cause saltwater to be drawn back hundreds of
feet from the shore. However, wells drilled
along north- and south-facing coastlines may
be safer than those on east- or west-facing
coastlines, as most fractures in the area are
oriented east-west. As a further precaution,
wells should not be drilled along the strike of
any prominent fractures or fracture zones found
along the nearby shoreline, as these are the
primary pathways for fluid movement within
the fractured bedrock aquifer of Vinalhaven.
Although it may desirable to drill wells
where identified photolineaments intersect
inland, wells should not be drilled near where
photolineaments contact the shoreline due to the
risk of intrusion. It is not entirely clear at this
point the relationship between distance from the
shore and water level fluctuations with the tides,
but high well amplitudes likely indicate a high
degree of connectivity with the ocean and may
imply elevated risk of saltwater intrusion.
As a further precaution, it should be
remembered that the fresh water-saltwater
interface in coastal aquifers is estimated by

the Ghyben-Herzberg principle, where every
foot of fresh water above sea level should
indicate the presence of 40 feet of fresh water
below sea level. This depth should not be
exceeded during drilling, but the complexity
of the fractured granite aquifer of Vinalhaven
may interfere somewhat with this principle.
Since well yield does not reliably increase with
depth on Vinalhaven, it is much safer to utilize
shallower wells with a lower yield, especially
during periods of drought when the fresh watersaltwater interface may encroach upwards.
These guidelines, along with the water quality
and GIS data provided by this project, will
hopefully help the Vinalhaven community make
important planning decisions about their freshwater resources.
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