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ABSTRACT 
Vinalhaven Island in Maine is underlain by a fractured granite aquifer system bounded by 
saltwater. The relative importance of fracture orientation and density, tidal activity, and 
topography on the occurrence of saltwater intrusion of drinking water wells is 
investigated along Vinalhaven’s northern shore.  Water samples were collected from 13 
private wells and analyzed on-site for total dissolved solids and pH, and at Franklin and 
Marshall College for cations (Na+, Mg2+, Mn2,3+, Ca2+, Al3+, Fe3+, Zn2+, Cu2+, Ba2+) and 
anions (NO3

-, Cl-). Of four known salt wells in the Mill River area, only one was 
definitively found to contain concentrations of Na+, Cl-, and total dissolved solids which 
indicate that saltwater intrusion has occurred. No wells at Calderwood Neck have been 
contaminated by saltwater. Bedrock fracture orientations are very similar between the 
two areas and are probably not responsible for the different rates in saltwater intrusion 
observed. Three test wells in close proximity show a 200% variation in tidal fluctuation 
amplitude, which indicate that hydraulic connectivity to the coast is highly localized. The 
most important controlling factor to saltwater intrusion on this section of Vinalhaven 
appears to be topography. The lower topographic relief, more sinuous coastline, and 
presence of more rivers discharging into the sea at Mill River than Calderwood Neck may 
be key to the occurrence of saltwater intrusion in this section of Vinalhaven. 
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INTRODUCTION 

Vinalhaven is an island located in Penobscot Bay off the coast of Maine (Fig. 1) 

and is home to 1300 year round residents (2001 census). This reflects a 250 person 

increase in population since 1990 (Knox County, 2006). The summertime population of 

Vinalhaven peaks at 4000 when part-time residents arrive (Lucy McCarthy, Personal 

Communication). Population density is highest on the southern portion of the island, 

where the town and main fishing harbor are located. Seasonal population increase has 

placed a strain on the island’s limited water resources, which consist of 28.8 acres of 

fresh water ponds and a fractured bedrock aquifer (Gerber, 1989). Consumption of water 

supplies on Vinalhaven is expected to increase by 100% by 2025 (Vinalhaven 

Comprehensive Plan Committee, 2005). Increased consumption, low well yields, and 

saltwater intrusion of drinking water wells raise concern for the sustainability of water 

resources on the island, especially with regard to saltwater intrusion. 

Saltwater intrusion is a problem that affects many coastal areas worldwide. It 

occurs when salty or brackish water infiltrates a freshwater aquifer, often rendering 

drinking water wells unusable. Saltwater intrusion is most likely to occur when 

groundwater withdrawals exceed the natural recharge rate. Salt water is not only harmful 

to human health, but it corrodes plumbing fixtures and is unusable for most industrial and 

agricultural purposes. Desalinization processes are prohibitively expensive in most cases; 

therefore, prevention of saltwater intrusion is the most economically and environmentally 

sound strategy (Barlow, 2003). Saltwater intrusion has been a problem in the Atlantic 

coastal zone for more than 100 years (Barlow, 2003), and its occurrence on Vinalhaven 

has increased from five households in 1988, to 12 households in 1990, to 22 households  
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in 2002 (Vinalhaven Comprehensive Plan Committee, 2005). During this time period, the 

total number of known drilled wells increased from 140 to 431 (Fig. 2). The actual 

number of wells on Vinalhaven is estimated to be higher due to lax well permitting. 
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There are many potential factors which could contribute to saltwater intrusion in 

coastal fractured crystalline aquifers: the orientation, density, and connectivity of 

fractures, tidal activity, coastal topography, and groundwater withdrawals by humans. 

This study intends to determine which geologic factors are most significant in causing 

saltwater intrusion of Vinalhaven’s aquifer. Two study areas on the north side of 

Vinalhaven are chosen for their proximity and their dissimilar saltwater intrusion 

problems. These areas are both populated and are likely sites for further future 

development. It is therefore particularly important to understand the availability of clean 

groundwater and possible mechanisms for its contamination. Such an assessment requires 

detailed mapping of bedrock fractures, water chemistry analysis, and monitoring of wells.  

Background 

The primary surface water sources on Vinalhaven are Folly Pond and Round 

Pond, which are located in the interior of the island (Fig. 1).  Vinalhaven’s public water 

supply is provided by the Vinalhaven Water District, established in 1978. The public 

water supply draws from Round Pond, which has excellent water quality and is one of 

only 10 water supplies in the State of Maine which operates as an unfiltered water supply 

due to its pristine quality before treatment (Vinalhaven Comprehensive Plan Committee, 

2005). During dry years, water is also withdrawn from Folly Pond, which requires 

filtration. The town’s municipal water supply system serves approximately 900 residents  

in the southern half of the island and is operating at near capacity. The remainder of 

Vinalhaven’s residents are supplied by private groundwater wells (Fig. 2).  

Vinalhaven is one of many communities in the Northeastern United States that 

use fractured crystalline aquifers as a water source. Nevertheless, fractured-crystalline 

aquifers are among the least understood and least well-quantified water resources in 
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America (Moore et al., 2002). In a fractured crystalline aquifer, intergranular porosity is 

zero, and therefore water moves through and is stored in fractures. The porosity of 

crystalline bedrock depends on the fracture size, density, and connectedness (Lyford et 

al., 2004). Water-bearing fractures are enlarged through preferential weathering as water 

passes through the soil, and, enriched in organic acids, causes the dissolution of feldspars 

and other minerals along fracture planes (Khallouf, 2003). Productive wells intersect one 

or more water-bearing fractures and widening of fractures may contribute to higher well 

yields (Khallouf, 2003). Low well yields in fractured crystalline bedrock may be the 

result of poor fracture connectedness or low fracture density. Granitic rocks typically 

have a higher fracture density than metamorphic rocks and therefore are more likely to 

contain hydraulically active fracture networks (Johnson, 1998).  

Fractured crystalline aquifer systems are extremely heterogeneous due to spatial 

variations in fracture density and geometry (Johnson, 1998). No effective modeling 

techniques for heterogeneous, anisotropic systems have been developed (Berkowitz, 

2002). Previous studies model fractured crystalline aquifers as units of homogenous 

hydraulic conductivity (Allen, 2002; Cadle et al., 2000). However, only a fraction of 

fractures transmit measurable quantities of groundwater (Hansen et al., 1999) and 

identifying these fractures is extremely difficult. In general, high-angle fractures enhance 

an aquifer’s connection to surface water bodies and thus recharge, as well as provide 

interconnections between horizontal fractures (Lyford et al., 2004). Therefore, areas with 

sparse vertical fracturing are likely to be poor sites for high-yielding wells. Where 

fractures extend to the coast or the depth of saltwater interface there is potential for 

saltwater intrusion (Barlow, 2003). However, the occurrence of high salinity groundwater 
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is often irregular due to variable fracturing of the bedrock and difficult to predict even 

with substantial knowledge of local fracture networks (Allen, 2002). 

 

Hydrogeologic Setting  

All groundwater on Vinalhaven originated as precipitation that fell on the island 

and made its way through the soil covering into the bedrock. Vinalhaven receives an 

annual average of 48 inches of rainfall a year (Gerber, 1989). The soil on Vinalhaven is 

Pleistocene glacial melt-out and ablation sandy till less than 5 feet thick, too thin to form 

significant aquifers (Maine Geological Survey, 2006). The thin soil also encourages rapid 

precipitation runoff, thereby decreasing storage of groundwater (Lyford et al., 2004). It is 

estimated that only approximately 5-10% of precipitation reaches fractures in the bedrock 

(Gerber, 1989). A 1989 survey of 128 wells on Vinalhaven shows a mean well yield of 8 

gallons per minute, slightly below average for the whole of the Maine coast (Gerber, 

1989).  

Vinalhaven is underlain primarily by Devonian metamorphic and igneous rocks. 

Basalt erupted in a shallow sea and was metamorphosed to schist (Calderwood 

Formation) and greenstone (North Haven Greenstone) during the Cambrian. 

Metamorphic partings, foliations, and laminations are known to conduct water (Khallouf 

and Williams, 2003), but exposure of metamorphic rocks is limited mainly to the 

sparsely-populated northern edge of Vinalhaven. Erosion and uplift removed all 

Ordovician deposition. Silurian rhyolites and diabase are found in the northwest corner of 

the island and on neighboring North Haven Island, respectively. 

The granite that underlies the majority of Vinalhaven is Devonian in age and is 

characterized by fractures. The granite consists of two types: pink coarse-grained granite 
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and finer-grained white to gray granite (Gates, 2001). Sedimentary cover exhumation has 

brought the granite to the surface, and this relief of pressure due to unroofing caused 

massive fracturing within the granite. Gerber (1989) found the primary fracture 

orientations in the granites of Vinalhaven to be northeast-southwest with near-vertical 

dip, and a secondary orientation northwest-southeast with near-vertical dip. Fracture 

openings on Vinalhaven range in width from 50 microns to several inches (Gerber, 

1989). The mean fracture porosity for crystalline rock in Maine is 0.1%, meaning that 

0.1% of the total space in the rock is available for water storage (Gerber, 1989).  

Vinalhaven’s fractured crystalline island aquifer forms a freshwater lens that 

floats on top of the surrounding seawater (Fig. 3). The depth of the saltwater interface at 

any given point on the island can be estimated using the Ghyben-Herzberg relationship, 

which states that the depth is 40 times h, where 

 

Figure 3. Hypothetical schematic of a coastal aquifer. Adapted from Barlow  
           (2003). 
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h is the height of the water table above sea level (Barlow, 2003). This model is highly 

theoretical and assumes a sharp interface, whereas there is actually a zone of diffusion 

and mixing of fresh and salt water.  The position of the saltwater interface can be 

expected to vary significantly in heterogeneous fractured aquifers (Allen, 2002), and is 

influenced by the rate of groundwater withdrawal compared to total freshwater recharge, 

as well as fracture patterns (Barlow, 2003). Excessive groundwater pumping may draw 

the interface upwards to the bottom of a well (Allen, 2002; Lin et al., 1999). In a 

fractured aquifer, intruding saltwater moves upwards through isolated conduits, not as a 

symmetric inverted cone as it would through porous media (Krause and Clarke, 2001) 

(Fig. 4). 

Field Site 

 Three areas of study on Vinalhaven were chosen by my research group: the Dyer 

Island / Dog Point area on the southwest shore, the Lane Island / Round Neck area on the 

southeast shore, and Calderwood Neck / Mill River on the northeast shore (Fig.1, Fig. 5). 

My field work was conducted at the Calderwood Neck / Mill River site. This site was 

selected due to variable occurrences of saltwater intrusion and a lack of previous 

geological and geochemical data for the area. Soil cover is shallow (<2 meters) and 

bedrock consists entirely of fractured granite.  

Field Work: 

The structural component of my fieldwork consisted of measuring fracture 

orientations (strike, dip) at 22 outcrops. The width, lateral extent, and distribution these  
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fractures were also noted where possible. Fracture density at both study locations was 

assessed using a GIS map of photolineaments prepared by Gerber (1989). Rock samples 

were collected with a hammer at five locations. 

 Water chemistry data collection composed a large portion of my field work. 

Surface water samples were collected at 22 locations both in my study area and in the 

interior of the island. I also selected 13 wells to sample, spread between the Calderwood 

Neck and Mill River study areas. Some of the wells were currently being used but many 

were abandoned. I obtained information on these wells from talking with the 

homeowners and members of the town board and also from the existing Vinalhaven GIS 

database. Depth sampling was performed on four wells at intervals of 5-10 meters.  

All water samples were analyzed on site for total dissolved solids (as a measure of 

saltwater intrusion), pH, and temperature using a YSI 63 device. Well water levels were 

also measured where possible to gain a better understanding of the water table.  

 Well monitoring devices were placed on three test wells at Calderwood Neck for 

differing periods of time. Data collection lasted from 02-March to 29-June 2006. Water 

levels were recorded by an In-Situ Inc. Mini Troll™ device and then transferred to a 

computer using Win-Situ version 4.523.  

 All outcrops and sample sites used in this study were located with a GPS Trimble 

Navigation unit and downloaded into ArcGIS. I collaborated with Samuel Tuttle of 

Williams College, Nathan Pritchard of Franklin and Marshall College, and Professor 

Andy DeWet of Franklin and Marshall College. 
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Laboratory Work:  

In the laboratory, water samples were analyzed for nitrates and chlorides using a 

Milton Roy Company Spectronic 20D spectrophotometer. To test for nitrates, samples 

were combined with 1 Nitraver 5 Nitrate reagent packet and run in the spectrometer 

calibrated to 500 nm. For chloride, samples were combined with 2 ml Mercuric 

Thiocyanate solution and 1 ml ferric iron solution, then run in the spectrometer calibrated 

at 455 nm. 

Water Samples were also analyzed for the following trace metals using 

Inductively Coupled Plasma-Optical emission spectrometry on a Spectro Ciros CCD ICP 

machine: Na+, Mg2+, Mn2/3+, Ca2+, Al3+, Fe3+, Zn2+, As, Cu2+, Ba2+.  Where 

concentrations reached values beyond the range of the machine, samples were diluted and 

re-run.  

  

RESULTS AND DISCUSSION 
 
 Water chemistry 

 Surface water samples have low levels of most dissolved ionic solids, with the 

exception of iron and manganese (Table 1, Appendix). All samples contain nitrates below 

the USEPA MCL standard of 10 mg/l. Water samples were also taken at several points 

along a stream that discharges onto a tidal flat at Calderwood Neck. The samples were 

taken at the time of low tide. The results show an increase in total dissolved solids 

nearing the low tide line, which indicates the presence of a graded fresh-salt transition 

zone (Fig. 6). Water samples taken at the time of high tide and low tide from the same 

location indicate that tidal activity affects water chemistry in the stream, even above the 

high-tide line (Table 1).  
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Figure 6. Increasing saline content along a river discharging onto a tidal  
          flat at low tide, Calderwood Neck. 

 

Table 1. Water chemistry change at a 
single point above high tide line.   
  pH TDS (uS)   
Low tide 5.11 42   
High tide 5.65 208   

 

At both study sites, most wells showed no evidence of saltwater intrusion. All 

Calderwood Neck well samples contain sodium, calcium, and magnesium concentrations 

below 100 mg/L, and chloride concentrations well below the U.S. EPA Maximum 

Contaminant Level (MCL) standard of 250 mg/L (USEPA, 2006) (Table 2). Depth 

sampling in Test Well 2 and Test Well 3 revealed no unusual concentrations of total 

dissolved solids (Fig. 7). There are currently no known salt wells in the Calderwood Neck 

study area (Vinalhaven Town Office, 2006).  

 The majority of Mill River well samples also contain sodium, chloride and total 

dissolved solids levels below US EPA standards. However, two samples exceeded these 
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levels: Ives well at depth 250 feet and the Pixley well. Water from the bottom of the Ives 

well contains levels of sodium, chloride, and total dissolved solids that classify it as 

brackish (Fig. 7) (Fetter, 2001). This indicates that the well has been contaminated by 

saltwater. The Pixley well was previously known to be salt and the high chloride 

concentration may be a consequence of this. However, total dissolved solids and sodium 

levels were normal, so the chloride may have come from another source. 

Table 2. Summary of well water chemistry results.  

  
Sodium 
(mg/l) 

Chloride 
(mg/l) 

Total dissolved solids 
(uS)  

Mill River     
Bogart 21 67 98  
Waldbridge 24.6 41 132  
Pixley 32 820 200.4  
Ives 250 ft 487.6 4320 5380  
Calderwood Neck    
Graves 36.5 215 163  
Hinrichs 89 106 291  
Penalosa 31 18 138  
Tolman 65 65 149  
Welsch A 40 26 184  
Welsch B 82 15 329  
Strazer 10 29 78  
MCL 
Standard 

No 
Standard 250 500  

Seawater 10,752 19,345 44030  
 

Two other known salt wells in the Mill River area, at the Waldbridge and Bogart 

residences, were tested. The Waldbridge well was contaminated 10 years after its first use 

(Mr. Waldbridge, personal conversation). Sampling of the Waldbridge well, however, 

was obstructed below 80 feet due to the presence of a water pump. Because intruding 

saltwater usually is contained at the bottom of wells, it cannot be determined if the well is 

still contaminated.  The Bogart salt well has no abnormal dissolved ionic concentrations  
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Figure 7.  
a. Evidence for saltwater intrusion at the bottom of the Ives Well. 
b. No sign of saltwater contamination in three other wells. 
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(Fig. 7). It may have previously been saltwater intruded and then returned to normal 

conditions as rainwater recharge forced saltwater from the bottom of the well.  

No other salt wells have been identified in Mill River or Calderwood Neck areas 

(Vinalhaven Town Office, 2006). The first six months of 2006 yielded above-average 

precipitation for Vinalhaven (National Oceanic and Atmospheric Administration, 2006) 

and it is possible that during dry years more wells would contain brackish water. 

 

Integrated Fracture Orientation 

In his generalized ground water study of Maine, Caswell (1979a) argues that 

saltwater intrusion is usually the result of the particular orientation of water-bearing 

fractures of crystalline rocks along the coastline. Fracture geometry at Calderwood Neck 

and Mill River is very similar (Fig. 8, Table 3) and yet the occurrence of saltwater 

intrusion is different. Caswell’s argument does not appear accurate in the context of this 

study. Fracture orientation alone does not appear to be the controlling factor in saltwater 

intrusion in this section of Vinalhaven. An integrated interpretation of all the data from 

various outcrops indicates the presence of three fracture sets: 

• A high-angle set striking ENE and dipping NNW; 

• A second high angle set striking SE and dipping NE or SW and 

• A sub-horizontal set with highly variable strike and dip 

The ENE-striking high-angle fractures occur twice as often as the SE-striking 

high angle fractures and are generally of greater length and aperture. The ENE-striking 

set appears to compose the dominant orientation. The SE-striking high-angle fractures 

occurred more rarely and often terminated against the dominant ENE fractures, which is  
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   Table 3. Summary of fracture set strikes, averaged by outcrop. 

Calderwood Neck 
           

Mill River    

Outcrop Points 
ENE 
set SE set Outcrop Points ENE set SE set 

F1 49 48 120 F19 46 34 117 
F4 52 59 139 F20 50 47 123 
F5 12 66 114 F34 22 48 116 
F6 63 59 128 F35 21 52 111 
F8 53 61 None F36 20 48 116 
F9 27 55 124 F43 20 48 113 
F14 41 48 134 F44 33 51 111 
F15 28 88 166     
F16 26 85 160     
F17 36 78 159     
F18 27 84 None         
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important to note in assessing fracture connectivity (Fig. 9). Based on these observations, 

the ENE fractures may be more likely conduits for saltwater intrusion. Given the 

proximity of the Mill River and Calderwood Neck sites and their similar lithologies, it is 

reasonable to assume that the fractures were formed by similar tectonic processes at  

similar times, and therefore that fracture geometry would be similar. Nevertheless, 

fracture orientation does vary locally at both areas. Local fracture orientations are 

summarized in Fig. 10. 

 

Fracture type 

Faults on Vinalhaven may serve as conduits for salt water, and relatively small 

displacements have been shown to increase hydraulic conductivity by orders of  

magnitude (Berkowitz, 2002). Brecciation and lateral en-echelon displacement of 

fractures occurred rarely at both locations. However, there is not sufficient information to 

determine whether fracture type is responsible for the different occurrence of saltwater 

intrusion at Mill River and Calderwood Neck. 

Fracture length 

Fracture length varied at both locations from less than one meter to greater than 

10 meters. Only about 10% of fractures persisted longer than 10 m at both sites. The 

exact length of many fractures was difficult to determine due to limited exposure. 

Previous studies of fractured crystalline aquifers have suggested that while fracture 

networks often have a dominant orientation, individual fractures are continuous over a  

scale of 30-100 meters (Starn et al., 2002). The observed distribution of fracture lengths 

was very similar at the Mill River and Calderwood Neck locations. 
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Fracture Density 
  

Fracture density has been positively correlated with hydraulic conductivity in 

crystalline aquifers, and therefore is an important consideration in modeling saltwater 

intrusion (Johnson, 1998; Khallouf, 2003). There is a large spatial variation in fracture 

density at both locations. Exposed rock along the coastline revealed alternating regions of 

high fracture density and almost no fractures at all (figure 9c). The outcrops studied are 

characterized by high fracture density. The ENE fractures were spaced 0.2-2 m apart. The 

SE fractures were spaced 1-3 meters apart and occurred more sporadically. Fracture 

density at Calderwood Neck was similar to Mill River. 

At both locations, the presence of groundcover in low-lying areas may indicate 

zones of high fracture density that were exploited by erosive forces. Previous studies 

(Gerber, 1989; Moore et al., 2002) have used lineament analysis from aerial photographs 

or remote sensing images to locate zones of apparent bedrock weakness 

(photolineaments). These zones are believed to have high fracture density and usually lie 

along topographic depressions such as valleys or river beds. Photolineaments are 

somewhat reliable indicators of potential sites for high yielding wells. Mabee (1994) 

found that aquifer transmissivity was positively related to well proximity to fracture-

correlated lineaments.  

 Gerber (1989) contructed a map of photolineaments on Vinalhaven (Fig. 11). 

Both the Mill River and Calderwood Neck study areas are transected by photolineaments 

that run perpendicular to shore. The use of lineament data to predict areas of high fracture 

density is limited, however, by the accuracy of lineament locations, which varies with the  
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scale of the imagery (Moore et al., 2002). Gerber used aerial photographs scaled at 1 

inch: 1667 feet. In addition, not all lineaments are underlain by fracture zones. Whatever 

the fracture density significance is, it should be noted that Gerber’s photolineaments 

correspond in orientation to the major fracture trends found in this study: ENE and SE. 

The photolinears also correspond very closely to regional topography (Fig. 11).  

Correlating fracture density with depth is beyond the scope of this study. Previous studies 

that have employed borehole geophysical imaging (Gerber, 1989; Johnson, 1998) show 

that fracture density in granitic bedrock declines with depth. 

 

Assessing Fracture Connectivity and Conductivity 

Assessing fracture connectivity plays an important role in determining hydraulic 

conductivity of fracture networks (Berkowitz, 2002). Berkowitz notes that even dense 

networks of fractures may have low fracture connectivity, and thus low hydraulic 

conductivity. Unfortunately, fracture conductivity is difficult to assess quantitatively 

because there are so many parameters that affect fluid flow in fractured media. These 

parameters include fracture aperture, fracture plane roughness, fracture length, fracture 

density, fracture orientation, displacement, and topography. There is currently no 

consensus on the relative weight of these parameters (Berkowitz, 2002).  

This study attempts to quantify fracture conductivity indirectly, through 

measurement of tidal efficiency in bedrock well water levels. Coastal aquifers such as 

Vinalhaven experience a variation in hydraulic head with response to tides (Li, 2001). 

The variation is caused by alternation of submarine groundwater discharge during ebb 

tide and seawater infiltration of the aquifer during flood tide (Ataie-Ashtiani et al., 2001). 

Tidal activity has been shown to cause thickening of the saltwater interface and may 
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contribute to saltwater intrusion of coastal wells (Ataie-Ashtiani et al., 2001; Urish et al., 

1995). Increased tidal efficiency as measured by fluctuations in wells may be an effective 

means of estimating potential for saltwater intrusion at a specific site. Tidal variation is 

shown clearly by fluctuating water levels in test wells on Calderwood Neck (Fig. 12).  

Note that the mean tidal range at Bar Harbor was 3 meters during June 2006 (NOAA, 

2006). 

In an homogenous, fully saturated aquifer, the amplitude of water level 

fluctuation in coastal wells dampens with increasing horizontal distance from the beach 

(Chen and Hsu, 2003). Nine wells were monitored in total on Vinalhaven and there 

appears to be no relationship between tidal efficiency and distance from shore or water 

table height, suggesting that variations in fracture network connectivity may be 

responsible. Well logs taken simultaneously from test wells 1 and 2 show a larger tidal 

fluctuation in test well 2 and a longer time-lag in test well 1 (Fig. 12a). This may be the 

result of spatial variation in fracture density and hydraulic conductivity. Hansen et al. 

(1999) notes that only a small share of fractures are hydraulically active in a fractured 

bedrock aquifer. Given the larger tidal fluctuation in Test wells 2 and 3, it is likely that a 

more hydraulically active fracture system connects them to the shoreline than for Test 

well 1. In both cases, the fracture system would probably trend N50-70°E, corresponding 

to the primary fracture orientation.  

Water level monitoring data for Mill River is insufficient to make comparisons 

with Calderwood Neck at this time. One monitoring device was placed in the Bogart salt 

well but appeared to be malfunctioning.  The Ives salt well was drilled in 1977, and 

contaminated immediately at the first high tide (within one day). A second well was 

drilled 25 meters inland and has been functioning fine ever since (Steven Ives,  
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Figure 12. 
a. Greater fluctuation amplitude in Test well 2, longer time delay in Test well 1. 
b. Comparison of fluctuation amplitude in three test wells and two known salt 

wells on south shore of Vinalhaven. 
 



 26

Personal Communication). The Bogart well was drilled in 1990 but never used because 

saltwater was detected immediately by the drilling company (David Bogart, Personal 

Communication). The Waldbridge salt well was drilled in 1977 but was not contaminated 

until 1983 (Mr. Waldbridge, Personal Communication). The more rapid contamination of 

the Bogart and Ives wells implies higher hydraulic connection to the sea. 

Data are also available for two known salt wells on the south shore of Vinalhaven 

(at the Bentre and Macauley residences). Note that the fluctuation amplitude in these salt 

wells is 200-500% of the fluctuation amplitude in the test wells at Calderwood Neck (Fig. 

12b). Greater tidal fluctuation in wells may imply stronger hydraulic connection to the 

sea and thus greater potential for saltwater intrusion (Ataie-Ashtiani et al., 2001). Two 

wells were drilled at the Bentre residence only 15 meters apart, and yet one was 

contaminated within a day and the other was not contaminated for six months (Mr. 

Bentre, Personal Communication). This is most likely due to the presence of a major 

shear zone running through one of the wells. Therefore, site-specific, ongoing analyses is 

necessary to quantify variations in time lag and tidal efficiency and thereby assess 

potential for saltwater intrusion.  

 
Influence of Topography 

 It appears that local topography has an important effect on the degree of saltwater 

intrusion on Vinalhaven. Low-angle beach faces have been shown to enhance the effects 

of saltwater intrusion when compared to near-vertical beach faces (Mao, 2004). 

Infiltration of salt water into the top of the aquifer occurs at higher tidal levels, and 

therefore a flatter beach face intensifies this phenomenon (Ataie-Ashtiani et al., 2001). 

Indeed, studies have shown that as beach slope decreases, the distance and velocity of 
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saltwater intrusion increases (Chen et al., 2003). In general, beach slope was less at Mill 

River than at Calderwood Neck (Fig. 13). 

The shoreline of Calderwood Neck has much higher relief than the shoreline of 

Mill River. This fact is verified by U.S.G.S. topographic maps, DEM images (Fig. 14), 

and visual observations of the area. To further analyze topographical differences, a series  

of 100 meter horizontal transects were drawn from the nearest shoreline through each of 

13 well sites. The transects indicate an average vertical relief of 15.1 m for Calderwood 

Neck and vertical relief of 8.7 m for Mill River 100 meters from shore. Two additional 

transects display higher topographic relief at Calderwood Neck than Mill River for a 

distance of 1500 m landwards (Fig. 15).  

Because potentiometric surface tends to follow topography (Fetter, 2001), 

groundwater flow in topographically gently sloping sites is slower than in steep sites due  

to a lower hydraulic gradient (Hasegawa et al., 2001). Submarine groundwater discharge 

normally prevents significant saltwater infiltration during flood tide, but slower flow 

conditions provide less resistance to intruding groundwater (Ataie-Ashtiani et al., 2001). 

At high tide, sea level may rise above the hydraulic head of the aquifer, causing a reversal 

of the hydraulic gradient. The landward migration of chloride concentration contours has 

been shown to be greatest at the top of the aquifer, near to the water table (Ataie-Ashtiani 

et al., 2001). Groundwater pumping may intensify this phenomenon. Submarine springs 

in low-lying areas may also become conduits for encroaching saltwater (Krause, 2001).  
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Low-lying coastal areas dissected by rivers are among the most susceptible areas 

to saltwater intrusion (Fetter, 2001). The shoreline of Mill River is intersected by three 

small streams that discharge into the sea, while Calderwood Neck has only one such 

stream, far from residential wells. In estuarine environments, upstream intrusion of tidal 

flow and salt water may occur due to low relief of the river bed. Fresh water flowing 

seaward in the river mixes with saltwater from the ocean in a transition zone that is 

characterized by an increase in the river’s chloride concentrations and total dissolved 

solids (Barlow, 2003). Such a transition zone can be seen at a Calderwood Neck site, 

where a river discharges onto a tidal flat (Fig. 6).   

During the summer and other periods of low flow in the river, the salt front 

migrates further upstream. Subtle changes in pH and total dissolved solids at a 

Calderwood Neck river site indicate that the landward migration of saltwater may have 

occurred (Table 1). Saline water may then move from surface water channels into the 

aquifer water table (Edwards, 2003). The vulnerability of coastal aquifers to 

contamination by saline surface water has been demonstrated (Navoy, 1991; Navoy and 

Carleton, 1995). Therefore, the presence of three streams at Mill River may intensify 

saltwater contamination of drinking wells in the area. 

Another topographical factor that may contribute to the occurrence of saltwater 

intrusion is the sinuosity of the coastline. In theory, more coastline would provide more 

surface area for vertical and lateral infiltration of seawater into the aquifer. The shoreline 

at Mill River is much more sinuous than at Calderwood Neck. Two 1000 m linear 

transects were drawn along the general shoreline trend at Calderwood Neck and Mill  
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River. Along this distance, Calderwood Neck has 1478 meters of shoreline, and Mill 

River has 3324 meters of shoreline (Fig. 16). The shoreline of Mill River contains 

multiple inlets and estuaries that may draw the saltwater interface landward, under the 

many peninsulas there. It should be noted that the shape of the shoreline at Mill River 

corresponds roughly to the primary and secondary fracture orientations. This effect is 

present but less obvious at Calderwood Neck, suggesting that differences in shoreline 

sinuosity between the study areas may be more of a function of fracture density than 

fracture orientation.  

 

Implications 

Currently Vinalhaven is using its water resources at a sustainable rate. However, 

the number of wells on Vinalhaven increases every year, and management of 

groundwater resources requires attention to minimize the movement of saltwater into the 

aquifer. A combination of residential wells in a high-yield bedrock zone could draw 

saltwater as far as 300 meters landwards (Gerber, 1989). Currently, none of the wells  

surveyed at Calderwood Neck and Mill River are more than 200 meters from shore. 

Saltwater intrusion may occur almost instantaneously, as in the case of the Bogart and 

Ives  

wells, or over a period of many years. Future droughts, combined with increased well 

density, may enhance the effects of saltwater intrusion. The Maine Department of 

Environmental Protection currently has no limit for groundwater withdrawals nor is there 

any well quality monitoring conducted on Vinalhaven (Maine Department of 

Environmental Protection, 2006).  
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Areas with low-lying topography or dissected by rivers are particularly 

susceptible to saltwater intrusion. Coves, necks, and the many small surrounding islands 

are at greater risk because the freshwater lens is thinner there and the recommended well 

setback of 120 meters from shore often cannot be achieved (Gerber, 1989).  New 

development sites should undergo well pumping tests and soil analyses to estimate 

recharge and potential for saltwater intrusion. Wells at sites with low topographic relief, 

including Mill River, may require additional setback distances from shore. The projected 

rise in sea level in the next 100 years will have especially dire effects for wells situated in 

low-lying areas: for every foot rise in sea level, the saltwater interface will rise 

approximately 40 feet (Barlow, 2003).  In addition, groundwater dating studies would be 

useful to establish approximate residency times for contaminated water.  

 

SUMMARY AND CONCLUSIONS 

Fractured bedrock coastal aquifers are dynamic and complex systems. Tide-forced 

groundwater pumping alters the position of the saltwater interface and the aquifer 

hydraulic head. Submarine groundwater discharge at low tide alternates with saltwater 

infiltration at high tide. Mixing along the interface results in a transition zone of variable 

water chemisty depending on local conditions. These processes, coupled with the 

heterogeneous nature of the Vinalhaven aquifer, make this a very complex system to 

analyze. Traditional modeling approaches that assume large-scale homogeneity do not 

suffice for the Vinalhaven aquifer, as groundwater flow regimes are highly localized 

(Gerber, 1989).  

 Topography appears to be the single most important geologic factor controlling 

saltwater intrusion in this area of Vinalhaven. Fracture orientation is very similar between 
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Calderwood Neck and Mill River. More work needs to be done to characterize fracture 

type and density at both locations. Well water level data is insufficient to compare 

average hydraulic conductivity of well sites between study areas, but nevertheless may be 

a useful indicator of localized connectivity to the ocean for individual wells. Continuing 

geochemical analysis and structural work is necessary to compile information that will 

allow for the sustainable use of Vinalhaven’s precious water resources.     
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APPENDIX

A. Surface water anion and cation concentrations *Unless otherwise noted, all concentrations are mg/l.

Sample Name Na Mg Ca Cl Al (ppb) Mn (ppb) Fe Zn (ppb) Ar (cps) Cu (ppb) Ba (ppb) Nitrate TDS (uS)
CNS-1 10.9 0.8 3.5 437 26.9 0.8 5.6 1104 7.8 4.1 4.8 86.3
CNS-2 9.5 0.8 3.3 457 38.4 1.1 4.5 1106 5.4 3.7 4.8 142.6
CNS-3 11.4 0.8 3.3 497 36.3 1.1 3.6 1109 7.6 3.2 5.4 48.6
CNS-3B 11.9 0.8 3.2 513 37.9 1.1 2.6 1114 5.7 3.2 5 208
CNS-9 46 2.5 7 174 23 0.1 2.3 1140 42 3.8 2.3 152.5
CNS-10 12.3 0.8 4.1 163 12.7 0.02 2.6 1096 3.5 4.8 3 57.6
CNS-11 30 2.8 18 5.2 52 2.2 57 1110 93 6.8 2.5 134.2
CNS-12 13 1 5.5 136 90 0.1 5.4 1110 4.6 1.7 67.9
Booth quarry 31 1.6 11.3 158 20.2 0.2 16.6 1099 4.8 7.4 3 124.9
Lawson quarry 11 0.8 5.7 27.2 13.5 0.02 13.2 1096 1.8 3 2.9 66
Lindgren strea 28.5 1.1 15.9 137 674 48.7 0.6 5 1109 6.2 9.1 116.4
Walls artesian 13.1 1.4 13.8 21.5 7.8 0.025 45 1086.5 3.2 1.02 2.7 84.5
Arey Artesian 21.2 3.6 15.3 5.2 6.4 0.0 4.2 1087.0 0.9 2.5 126
Arey stream 10.5 0.8 3 356 17.7 0.7 21.3 1083 19.8 3.5 6.4 51.7
Roadside culve 14.9 0.8 4.9 80 511 24.1 32.6 1076 16.1 6.1 5.1 65.1
Folly Pond 10.6 0.65 1.9 63 186 31.6 0.5 2.9 1090 2.4 3.4 46.05
Folly pond disc 9.6 0.7 2.1 251 34.2 1.2 8.3 1098 3.6 2.8 4.7 48.5
Round Pond Ave 15 0.93 4.2 69.0 77.1 24.2 0.1 5.1 1092.7 2.5 4.1 3.8 74.6
Welsch stream 12.7 0.8 2.5 72 289 35.8 0.6 9 1097 4.7
AL-BW-1 102 6.2 7 280 410 24.8 0.3 1142 5.1 1.1 3.1 394.7
Bogart Spring 22.4 1.4 3.5 77 178 21.6 0.06 10 1132 5.2 5.7 2 90.5
Average 31.1 2.0 7.0 111.1 278.5 29.9 0.6 12.8 1104.3 13.2 4.0 3.8 109.3



B. Calderwood Neck groundwater anion and cation concentrations

Well Owner Na Mg Ca Cl Al (ppb) Mn (ppb) Fe Zn (ppb) Ar (cps) Cu (ppb) Ba (ppb) Nitrate TDS (uS)
Hinrichs 88.9 0.9 5.7 106 24.5 8 0.06 18.7 1117 60 0.2 2.6 290.9
Strazer 10.2 0.73 4.3 29 1576 40.7 5 150 1114 42.9 2 78.2
Graves 36.5 2.9 24.6 215 20 19.4 33.4 1136 635.6 1.1 163.4

Penalosa 31 3 18.4 41 5.8 19 0.2 22.4 1113 15.8 4.5 2.1 184.4
Tolman 65.1 1.5 19.3 36 13.7 15 0.03 51.4 1137 596 0.6 2.9 328.7

Welsch A 40 1.7 26.1 39 26.5 24.5 0.2 1062 1086 30 1.2 1.9 137.8
Welsch B 82 4.3 15.4 136 109 13 0.3 33.4 1103 51.3 24.4 2.3 149.3

Depth (ft)
Test Well 2 45 24.6 3 18 70 8.9 9.1 5.2 1148 1 2.2 126.5
(June 23) 75 24.6 3.3 17 70 14 14.1 6.4 1152 1.2 117.6

105 25.4 3.2 17 70 9.8 11 4.5 1156 1.2 1.9 119.7
135 26.2 3.8 16.4 12.6 12.1 3.9 1150 1.5 1.6 123.3
165 26.4 3.8 16.5 10.7 11.6 4.5 1154 1.5 124
183 30.7 4.5 22.3 71 4.8 384 0.1 1096 1.6 2.4 2.5 157.2

Test Well 3 20 19.1 2.1 8.8 40 198 9.3 1153 0.77 4 110.8
(June 19) 40 18.1 2.1 8.4 66 154 1156 0.54 4.4 94.1

60 18.1 2.1 8.2 66 171 0.02 1151 1.4 0.69 4.8 85.7
80 18.1 2.1 8.4 63 206 1153 0.79 3.3 77.2
100 17.6 2.1 8.2 68 236 0.07 1151 0.65 4.3 77.8
120 22.6 2.1 8.5 70 292 0.02 1143 0.74 3.5 98.8

Average 32.5 2.6 14.3 73.3 223.2 97.5 0.6 108.1 1135.2 159.4 2.5 2.8 172.4



C. Mill River groundwater anion and cation concentrations

Well Owner Na Mg Ca Cl Al (ppb) Mn (ppb) Fe Zn (ppb) Ar (cps) Cu (ppb) Ba (ppb) Nitrate TDS (uS)
Pixley 32.1 3.3 22.8 820 36.1 373 2 1107 7.5 3.1 2.7 200.4
Waldbridge 24.55 2.3 16.45 40.5 5.9 65.6 0.18 3.55 1142.5 4.7 0.2 2.1 132.6

Bogart Depth (ft)
(June 27) 15 15.7 1 3.4 21.6 45.3 8.5 1106 2.7 1.8 75.4

40 15.9 0.9 3.7 7.6 49.2 11.3 1110 2.2 1.4 2 60.5
70 16.1 0.9 3.7 13.9 50 6.2 1105 2.2 1.6 59.6
100 17.7 0.8 3.6 6.3 46.3 3.4 1105 2.5 1 1.9 60.4
130 23.9 0.8 4.5 26.9 51.7 2.7 1110 2.1 1.1 76.8
160 22.4 0.8 4.3 59 13.5 55 1.7 1114 1.6 0.1 2.7 77.4
190 22 0.8 4.4 28.6 53.1 1.7 1108 2 1.2 65.5
220 18.9 0.9 4.4 19.8 58 0.01 3.6 1111 1.4 1.3 2.2 71.9
250 18.6 0.9 4.5 65 25.3 60.4 0.03 2.1 1115 2.5 1.6 1.7 70.9
280 25.3 0.9 8.9 35.6 61.6 4.1 1111 2.9 1.2 2.3 70.9
310 25.4 1 7.5 19.7 53.1 0.01 1116 2.2 1.1 98.2
335 24.22 0.9 5.2 76 16.7 67 0.03 1117 2.1 1.1 2.4 70.8

Ives 15 23.3 2.2 12.6 76 38.5 11.3 0.03 1121 4 1.7 2 99.4
(June 28) 40 23.5 2.2 10.3 75 38.1 12.1 0.05 2.7 1118 2.9 2.3 2.2 100.1

70 23 2.1 9.7 83 28.8 11.3 0.04 1169 1.3 1.5 104.7
100 23.1 2.1 9.6 75 34.2 11.5 0.06 1151 1.8 1.8 97.4
130 23.9 1.9 8.9 79 32.8 11.2 0.07 1143 2 1.5 2.6 99.1
160 22 2 9.3 122 32.3 15.9 0.1 1.6 1134 4.1 1.6 2.2 101.1
190 23.6 2 9.1 37 28.2 33.7 0.05 1138 2.4 1.7 3.7 102.6
220 22.9 2 9.7 82 44.4 11.4 0.1 1131 3 1.7 1.8 96.8
250 487.6 75.4 245 4320 44.5 6220 0.4 17.8 1132 4.2 1.1 2.9 5380

Average 38 4.7 18.3 369.3 21.7 299.3 0.2 4.1 1121.9 2.8 1.4 2.33 272.8



 
D. Information on radon testing from the Gerber Report (1989). 
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