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ABSTRACT
HYDROGEOLOGICAL CHARACTERIZATION OF FOGLAND POINT,
TIVERTON, RHODE ISLAND
Spencer Harris
Seawater intrusion is a global problem for coastal communities that rely on groundwater. Excessive
groundwater pumping along coastal regions has been shown to accelerate seawater intrusion and to
have the potential to render critical water sources unusable. Domestic wells in Fogland Point, Tiverton,
RI have recently experienced an increase in groundwater salinity, particularly during summer months.
This project examines the hydrogeology of Fogland Point through field investigation, data analysis, and
groundwater modeling. FloPy, a python package interface for MODFLOW, and SWI2, the seawater
intrusion package were used to investigate the relationships between groundwater withdrawals and the
position of the 50% interface between freshwater and seawater. The project employed the use of data
transducers for the continuous measurement of water levels, temperature, and salinity, along with field
and lab measurements of water quality, local weather stations for precipitation, and local tide gauges.
The results from field activities show high salinity concentrations in multiple wells on Fogland Point.
The model supports the field observations with the presence of the 50% freshwater-seawater interface
at approximately -145 feet MSL below the peninsula. The amount of groundwater withdrawals by
wells are less of a factor on salinity concentrations than the total depth of the wells and seasonal
changes in groundwater recharge. Shallow wells generally produce fresher water, unless being
influenced by salinity from water treatment system brine disposal or increased deep-zone mixing from
hydro-fracking.
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INTRODUCTION
The construction of a model to evaluate and characterize a coastal groundwater aquifer is a complex task. The
Fogland Point peninsula (fig. 1) provides a relatively small-scale, well-defined study area for evaluating the
issues related to groundwater withdrawals and seawater intrusion that affect many coastal groundwater
communities. The peninsula has been subject to increasing groundwater withdrawals and it has been observed
that some of the domestic wells on the peninsula have experienced increases in salinity, particularly during
summer months of reduced recharge and increased withdrawals.
Sustainable yield is the amount of water that can be withdrawn from an aquifer without unacceptable
consequences (Zhou, 2009). For areas subject to seawater intrusion, increasing groundwater salinity is the
constraint that becomes unacceptable. Drinking water standards for constituents associated with seawater
intrusion, such as chloride and total dissolved solids (TDS), can be used to define an unacceptable consequence.
The proposed method to model seawater intrusion, the magnitude of water quality fluctuations at Fogland Point,
and the practical alternatives available for temporary treatment or supplemental water, can lead to alternative
definitions of unacceptable consequences for the purpose of estimating sustainable yield.
The primary tool used in the model creation, calibration, and interpretation/visualization of this project was
FloPy (Bakker et al., 2016), a python package interface for MODFLOW. This project employs Seawater
Intrusion package, SWI2, to simulate three-dimensional vertically integrated variable-density groundwater flow
using MODFLOW-2005. Field data was collected from two site visits in August 2017 and November 2017.
Other data included in this project came from local weather stations, tide gauges, and remote sensing.
Apart from completion of the capstone requirement for University of Pennsylvania’s Master in Applied
Geosciences program, this project has a primary goal of establishing a practical sustainable yield for the Fogland
Point peninsula and a secondary goal of summarizing the procedure utilizing a Jupyter notebook.
GEOLOGIC CONDITIONS
Fogland Point’s geology was mapped in by Pollock (1964) of the USGS. In 1964, a geologic map with
accompanying report titled “Bedrock Geologic Map and Sections of the Tiverton Quadrangle Rhode
Island-Massachusetts” was published by Pollock. An unpublished map of larger extent titled “Geology of the
Narragansett Bay area, Rhode Island” was compiled by Quinn (1963), with the geology of the Tiverton
Quadrangle being credited to Pollock. The western side of the quadrangle is in the Narragansett basin, a
structural feature that spans the majority of eastern Rhode Island. The eastern boundary of the Narragansett basin
is denoted by an escarpment of more than 100 feet high that extends southward for more than 3.5 miles from the
northern boundary of the Tiverton quadrangle. The escarpment is the result of a difference in resistance to
erosion. The deformed Pennsylvanian sedimentary rocks of the Narragansett basin are less resistance to erosional
mechanisms than the Precambrian and Devonian granite, gneiss, and schist that is found on the eastern side of
the quadrangle.
Fogland Point can also be divided into an eastern and western side. The eastern side of the peninsula is
composed of undifferentiated Rhode Island Formation. The primary lithology of the Rhode Island Formation is
interbedded sandstone, shale, conglomerate and meta-anthracite. On the western side of the peninsula a coarse
interbedded sandstone-shale conglomerate can be seen along the coastline, which is also found on Aquidneck
Island (across the channel from Fogland Point) and High Hill Point (south of Fogland Point). The conglomerate
contains elongated pebbles and boulders of mostly quartzite and sandstone. Based on the bedding attitudes, 005
E13, 045 E24(?), observed by Pollock, and a measurement of 040 E13, confirmed by the project, it is proposed
that the conglomerate bed at Fogland Point is at least 60 feet thick.
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Figure 1. Site location on Fogland Point, Tiverton, Rhode Island. Model grid and model land surface shown.
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HYDROLOGIC CONDITIONS
This project attempts to address a variety of questions concerning features and mechanisms that affect the
hydrogeology of Fogland Point and are needed for model development. Some of these questions relate to the
hydrologic budget and involve groundwater pumping estimates and estimates of groundwater recharge, including
return flows from septic systems. Other questions relate to water quality and include the types of water treatment
systems in use (i.e. reverse osmosis units and water softeners). Reject water from reverse osmosis systems and
backflushing during water softener media regeneration can contribute to aquifer salt loading.
Determination of the hydraulic properties (transmissivity, specific yield, and porosity) of the freshwater aquifer
lens was done through literature review and analysis of limited field data. Refinement of aquifer properties was
performed while modeling.
Surface-Water Hydrology
The Narragansett Bay is a coastal inlet that is composed of flooded river valleys which are the result of a horst
and graben system. Tidal patterns in the bay follow a semi-diurnal schedule and the average difference between
high and low tide is 2 feet. Waters in the Narragansett estuaries has been classified as being well-mixed,
indicating that they are vertically homogeneous and do not exhibit freshwater-saltwater boundaries. Salinity
concentrations as total dissolved solids (TDS) are 32,000 milligrams per liter (mg/L) at the mouth of the bay and
24,000 mg/L in the Upper Providence River area (Raposa, 2009). Seawater has an average TDS of 35,000 mg/L.
Drinking water TDS, by comparison, is generally less than 1,000 mg/L.
Land use on Fogland point is characterized as non-urban developed by the Rhode Island State Land Use Plan
(Rhode Island Statewide Planning Program, 2006). No formal assessment of land use was performed.
Evapotranspiration, the loss of water to the atmosphere from evaporation and plant transpiration fluctuates, was
not calculated for this report. Future work will estimate evapotranspiration using Earth Engine
Evapotranspiration Flux (EEFlux). See Appendix C for more information.
Groundwater Hydrogeology
Fogland Point can be approximated as an island for conceptual purposes. Groundwater exists as a freshwater lens
which floats on top of seawater with a freshwater-saltwater transition zone of unknown thickness. It has been
observed that domestic wells on the peninsula experience substantial increases in salinity concentrations during
the period of peak summer water use (peak season), frequently making the water unpalatable, often making it
non potable, and in some cases rendering the groundwater unsuitable for use without desalination. Peak season
likely takes place in August, when no natural recharge occurs and during which the peninsula water demand is
experiencing an increase because of tourist/resident use that results in groundwater withdrawal rates 10 to 100
times the withdrawal rates during the off-season. Domestic wells on the peninsula are typically 6 inches in
diameter and are open borehole after the first 10 feet below grade. As a result of significant fluctuations in
pumping rates, well screen/bottom elevations, depletion of the freshwater lens, and the small size of the
peninsula, some wells experience seawater intrusion.
Groundwater law in Rhode Island follows the “Absolute Dominion Rule”. States that follow this method of
groundwater governance allow landowners to use as much groundwater as they can. There are few protections in
place for neighbors of high volume users. The small size of the Fogland Point peninsula (~1 sqkm) and the
relatively small number of homes (15) makes it a unique case.
Estimation of effective porosity and specific yield, 1.4 x 10-3 and 1.0 x 10-4, has been sourced from Carleton,
Welty, and Buxton 1999. In the paper the authors compare different methods of determining the effective
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porosity for a site underlain by gently dipping fractured sedimentary rocks. This project will utilize the effective
porosity determined in the paper by particle tracking with MODFLOW.
Estimation of transmissivity/hydraulic conductivity, has been calculated using limited data from a well test
performed on well 17 by Environmental Quality Inspection (Appendix D). Using Theis transient solution for a
fully penetrating well in a confining aquifer (1935) the estimated transmissivity is 17.8 ft2/day and hydraulic
conductivity is 0.148 ft/day based on a 120 foot thick aquifer. GHB conductance is calculated from the the
equation C=KA/L = (hydraulic conductivity)(area of boundary cell perpendicular to flow)/(cell thickness).
Conductance was estimated to be 2.87 ft2/day or a leakance 0.00459 d-1. Values for hydraulic conductivity and
conductance were changed during the building of the groundwater model.
Future work will calculate groundwater recharge, using precipitation data from Weather Underground Personal
Weather Station, PWS KRIPORTS37 and evapotranspiration (ET) data calculated by EEFlux. Estimation of
recharge for this report has been semi-arbitrarily calculated as 50% of annual precipitation.
METHODS
Field Methods
Data collected in the field was essential in providing necessary contextual information along with establishing
accurate reference point elevations for wells used in the project. A initial visit to the field site took place on June
18th, 2017, when water levels were measured from wells where access was granted by homeowners. In addition
to water levels, some field parameter data (temp, EC, TDS, pH) were collected.
In the time between the first site visit and the second site visit, the project was able to purchase monitoring
equipment from In-Situ Inc. with funds generously provided by The Department of Earth and Environmental
Sciences and The Greg and Susan Walker Endowment For Student Research in Earth & Environmental Science
Research Award. The project was able to utilize a 200 foot Water Level Meter, three In-Situ AquaTroll 200 data
loggers, an In-Situ BaroTroll data logger, and the associated connectivity/installation equipment..
The second site visit took place on the week of August 16th, 2017. During the second site visit an elevation
survey was conducted with a Carl Zeiss Ni2 Automatic Level. The survey used a reference point elevation on the
northeast flagpole bolt of 12 Point View Dr. as previously established by DiPrete Engineering of Newport, RI.
The survey closed within a tenth of a foot and provided reference elevations for the top of casing for six of the
wells in the project. Elevations were converted from North American Vertical Datum 1988 (NAVD 88) to Local
Mean Sea Level (LMSL) using NOAA VDatum. Elevations can be viewed on Table 3 in Appendix A.
Prior to installation of the AquaTroll200 data loggers in wells 56, 55a, and 33, the data loggers were used to
collect temperature and EC data in relation to depth for five of the project wells. This was accomplished by
programming the data loggers to record measurements of Pressure (depth/level), Temperature, and EC every two
seconds. The data loggers were then lowered slowly to just above the pump and then raised slowly. The
procedure of collecting this type of data was challenging. Lack of a direct-read cable long enough to reach the
bottom of the wells to allow for real-time viewing of the measurements caused difficulty in obtaining data,
prompting several attempts. The project planned on conducting the vertical profiles on all of the wells, but once
in the field, two of the wells were deemed inaccessible for the purpose of performing a vertical profile because
of pump equipment and general access. Results of the vertical profiles are located in the Discussion section.
Three AquaTroll 200 data loggers were installed in three of the project wells, well 56, well 55a, and well 33 (Fig
2). The data loggers were be installed approximately 10 feet above each well’s submersible pump. The data
loggers recorded Pressure (level), Temperature, EC, and Salinity at a rate of one measurement every 30 minutes.
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The data loggers installed in this project were not installed with vented cables, which allow data loggers to
collect gauge pressure instead of absolute pressure. The data loggers were installed using 1/16th inch vinyl
coated wire rope. Also installed with the three AquaTroll 200 loggers was one BaroTroll data logger which
recorded barometric pressure with which the data retrieved from the AquaTroll 200 data loggers was
compensated. The data loggers remained submerged in the wells for a period of approximately three months
(mid August to early November 2017).
Sampling of domestic wells took place on an opportunistic schedule. Samples were analyzed for field parameters
(pH, EC, Temp) by a HANNA HI 9813-6 hand-held multi-meter (table 1.). Five samples were selected for
major-ion analysis (general mineral) in order to better characterize the local relationship between EC and
Salinity/Chloride concentration (major parameter of concern) (table 2.).
The third site visit took place on November 11th, 2017. The third site visit was limited to a collection of water
levels from project wells and retrieval of the data loggers. Upon retrieval of the data loggers, recorded data was
downloaded using an In-Situ Android Wireless TrollCom. All data loggers performed as expected.
Data Analysis Methods
Vertical Profiles
The primary goal of the vertical profiles was to create a data set from which hydrogeologic features, such as
prominent fractures, could be identified. A secondary goal of the data set was to perform geostatistical analyses
such as simple kriging along subsurface slices at regular intervals to better understand the distribution of salinity.
Geostatistics is an area of spatial statistics in which the data consist of a finite sample of measured values
relating to an underlying spatially continuous phenomenon (Diggle and Riberio Jr., 2007). Fogland Point could
be a good case for the application of geostatistics to help characterize the subsurface. The data have value on an
individual well basis, but there are many parameters influencing water level, salinity, and temperature that can be
estimated more adequately geostatistically with a substantially larger dataset. AquaTroll 200 data associated
with the vertical profiles was barometrically compensated with In-Situ Inc.’s BaroMerge software using on-site
barometric data collected simultaneously by a BaroTroll which was installed in well 55a at a depth of five feet
below TOC. Profile data collected is covered in the Discussion section (fig.6).
Time Series
The installation of three AquaTroll 200 data loggers recorded some of the parameters that define the hydrologic
relationships on Fogland Point, conductivity, temperature, and depth (CTD). Time Series of these data were
processed, plotted and analyzed in Jupyter notebooks, an interactive web-application for coding, plotting, and
text. Links to the notebooks are in Appendix B. Unlike the vertical profile processing which used In-Situ Inc.’s
Baro-Merge software to perform the compensation, the data obtained from mid August to early November was
manually compensated using the site-specific barometric data from the BaroTroll. Water levels were referenced
to the correct elevation using manual measurements taken at the data logger’s installation and TOC reference
point elevations from the elevation survey. This data preprocessing was done using the Pandas Data Analysis
Library in Python.
Precipitation data from an adjacent Weather Underground Personal Weather Station (PWS KRIPORTS37) was
imported for the dates during which the data loggers were active. Plots created by the Python 2D plotting library
Matplotlib of water levels, salinity, temperature, and precipitation for wells 55a, 56, and 33 are shown in Figure
sets 3A, 3B, 4A, 4B, and 5A, 5B in the Discussion section. To investigate what effect tidal changes had on the
data collected from the three wells, the project used SciPy a Python library containing mathematical algorithms
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to estimate power spectral density using periodograms. Plots are shown in Figures 3C, 4C, and 5C in the
Discussion section.
Groundwater Modeling
Discretization
This project used MODFLOW and SWI2 to simulate the hydrogeology of Fogland Point. Modelling efforts
closely follow example 4 from the SWI2 Documentations (Bakker et al. 2013). The groundwater model was
bounded to a 2,500 by 2,500 foot area, encompassing the peninsula (Fig 1). Model domain was discretized into
100 columns, 100 rows, and 3 layers for a grid resolution of 25 feet (DELR) by 25 feet (DELC) The aquifer was
defined as unconfined and the model run in steady state and transient conditions. The model top is a 1-meter
resolution LiDAR DEM from Rhode Island Geographic Information System (RIGIS). Topobathymetry from the
Coastal National Elevation Database (CoNED) was used to approximate the location of the bay bottom and
establishment of a second layer top at -43 feet below sea-level. The top of the third layer begins at -92 feet and
has a bottom elevation of -200 feet below MSL. A total of 3 different scenarios were simulated.
1. Scenario 1: 200 years of average annual mean recharge without pumping (development of the freshwater
lens).
2. Scenario 2: 200 years of average annual mean recharge with estimated pumping as annually averaged
daily rates (Appendix A, provided verbally by Carleton 2017).
3. Scenario 3: 202.25 years, 200 years of average annual mean recharge without pumping in a steady
period (development of the freshwater lens), followed by five transient stress periods: simulated
peak-season of 0.25 years, off-season of 0.75 years, peak-season of 0.25 years, off-season of 0.75 years,
and peak-season of 0.25 years.
●
●

Peak-season conditions: no recharge and pumping rates (Appendix A, Carleton, 2017, written
communication), averaged over 0.25 years.
Off-season conditions: 200 years of average annual mean recharge without pumping, same conditions as
scenario 1

Model Inputs
Some aquifer properties presented in the hydrogeologic properties section have be altered for the model through
trial and error. Horizontal and vertical hydraulic conductivities are a factor of 5 less than what was calculated,
0.395 and 0.0395 feet/day, consequently calculated conductance for GHB is reduced to 0.57 ft2/day or a leakance
0.0009 d-1.
The topobathymetry data was also used to calculated equivalent freshwater heads (EFH) for the Narragansett
Bay for input into a General Head Boundary (GHB) in layer 1 where EFH = (depth to Bay bottom, |z|) * (density
excess ratio for seawater, 0.025). A table of values inputted into the model is shown below.
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Input

Value

Source

Hydraulic conductivity (hk, vk)

hk = 0.395, vk = 0.0395

Generated via trial and error

Model Top

array of feet above MSL

1-m resolution LiDAR processed with
QGIS, bay elevations adjusted to exactly 0
feet above MSL

Layer 2 Top

-43 feet elev (MSL)

lowest elevation of bay bottom within
model domain

Layer 3 Top

-90 feet elev (MSL)

Estimated average for bottom of wells on
the point

Layer 3 Bottom

-200 feet elev (MSL)

Arbitrary

Wells

Varied, see Appendix X

(Carleton, 2017, written communication)

Effective porosity (ssz)

1.4 x 10-3

(Carleton, Welty, and Buxton, 1999)

GHB Conductance (C)

C = (vk)(dx*dy) / (thickness of layer 1) =
0.57 ft2/day

Calculated from hydraulic conductivity in
the direction of flow

Specific yield (sy)

0.0001

(Carleton, Welty, and Buxton, 1999)

Storativity/Storage Coefficient (S/ss***)

0.0001

Assumption sy = S***

dimensionless density of water

v = (p - pf) / p
freshwater: 0.0
seawater/bay: 0.025

freshwater: 1000 kg/m3
seawater/bay: 1025 kg/m3

Equivalent freshwater heads (EFH)

EFH = (depth to Bay bottom, |z|) *
(density excess ratio for seawater, 0.025)

Calculated from 1-m resolution topobathy
data in QGIS
(Post, Kooi, and Simmons 2007)

Model bounds, projection, and spatial
reference

(403877.0, 172913.0, 406377.0, 175413.0)
EPSG = 3654

FREEWAT grid generation,
EPSG code 3654 =
NAD83 (NSRS2007) / Rhode Island
(ftUS)

Recharge

average annual mean recharge rate of
0.00479 ft/day

semi-arbitrarily calculated as 50% of
annual precipitation, see discussion

***

Ss—is specific storage unless the STORAGECOEFFICIENT option is used. When STORAGECOEFFICIENT is used, Ss is confined
storage coefficient. Read only for a transient simulation (at least one transient stress period).

SWI2
Water in the model has been separated by a 50 percent seawater salinity surface (ZETA) into freshwater and
seawater. Initial location of ZETA surface has been assigned to -1 feet elevation for the entire domain including
boundaries. SWI2 ISOURCE flag has been set to -2 for cells in the GHB (Bay, layer 1) so that sinks have the
same fluid density as the cells with the GHB (seawater), but sources have the same fluid density as cells without
the GHB (freshwater). For the rest of the model, cells have been assigned an ISOURCE of 0 so that sources and
sinks have the same fluid density as the active zone at the top of the aquifer.
DISCUSSION
Conductivity, Temperature, and Depth data (CTD)
Note: Salinity in PSU = Salinity in ppt
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Figure 3A. Well 56 (pump equipped but not used) Water level data, feet (LMSL), and Precipitation from
adjacent Weather Underground Personal Weather Station, PWS: KRIPORTS37. This shows the relationship
between the precipitation events (dark blue) and the water level (light blue) in well 56. Note, most precipitation
events result in a slightly delayed increase in water level in well 56.

Figure 3B. Well 56 Temperature °C, and Salinity PSU.
This shows the relationship between the Temperature and Salinity. The Temperature data is pretty constant, but
when there is a temporary increase it results in a permanent increase in Salinity. The increase that occurs around
2017-09-26 could be a response to nearby pumping of wells 55 and 55a.
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Figure 3C. Power Spectral Density (PSD) graphs for Water Levels, Temperatures, Salinity, and Tides at well
56. The green line superimposed on the data is a Welch's Method PSD for local tidal data to visually check if
there is any correlation. Lack of defined peaks in the collected data suggests that there the is no periodicity in
any of the data collected at well 56. Well 56 is approximately 100 feet deep with the bottom of the well at
approximately -75 feet LMSL. If there was tidal influence we would see a peak develop at a frequency
corresponding to tidal periods. Data have been resampled to have matching frequencies for the fast Fourier
transform (FFT). X-axis is in Hz because FFT uses a frequency domain as opposed to a time domain.

Figure 4A. Well 55a (pump equipped and used) Water level data, Feet (LMSL), and Precipitation, Inches, from
adjacent Weather Underground Personal Weather Station, PWS: KRIPORTS37. This shows the relationship
between the precipitation events (dark blue) and the water level (light blue) in well 55a. Note, most precipitation
events result in a slightly delayed increase in water level in well 55a.
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Figure 4B. Well 55a Temperature °C, Salinity PSU, Water level data Feet (LMSL), and Precipitation Inches.
Water levels are affected by precipitation and how precipitation and water levels are affecting salinity . Looking
at the precipitation event that occurred around 2017-09-06 we see that there was very little effect on the salinity
and a minor effect on water levels. Looking at the pumping event around 2017-09-16 we can see that this
pumping event directly and immediately affects salinity concentrations in well 55a. The pumping event also
causes a temporary increase in temperature. This is interesting because the other pumping event at around
2017-10-20 results in the same temporary increase in temperature but an opposite effect, a decrease in salinity.
The large precipitation event around 2017-10-31 lowers the salinity concentration. Well 55a pumps twice
2017-9-16 and 2017-10-20, and the rest of the periodic fluctuations are interference from a neighboring well
which is the primary control on Salinity. The pattern of pumping at the neighboring well can account for the
general Salinity trends. Precip and Well 55a pumping are only secondary factors for the Salinity fluctuations
during that period.
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Figure 4C. Power Spectral Density (PSD) graphs for Water Levels, Temperatures, Salinity, and Tides at well
55a. The green line superimposed on the data is a Welch's Method PSD for local tidal data to visually check if
there is any correlation. Lack of defined peaks in the collected data suggests that there the is no periodicity in
any of the data collected at well 55a. Well 55a is approximately 50 feet deep with the bottom of the well at
approximately -30 feet LMSL. If there was tidal influence we would see a peak develop at a frequency
corresponding to tidal periods. Data have been resampled to have matching frequencies for the fast Fourier
transform (FFT). X-axis is in Hz because FFT uses a frequency domain as opposed to a time domain.

Figure 5A. Well 33 (pump equipped but not used) Water level data, Feet (LMSL), and Precipitation, Inches,
from adjacent Weather Underground Personal Weather Station, PWS: KRIPORTS37. This shows the
relationship between the precipitation events (dark blue) and the water level (light blue) in well 33. Most
precipitation events result in a slightly delayed increase in water level in well 33, notably smaller than increases
seen in wells 55a and 56. In the case of the precipitation event on 2017-08-18, water levels do not respond
strongly, whereas for the 2017-10-29 precipitation event there is a clear response, this is proposed to be due to
increased ET rates in mid August which reduce groundwater recharge in comparison to lower ET rates in late
October. Time series analysis of ET and its seasonal effects on groundwater recharge would support this
interpretation.
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Figure 5B. Well 33 Temperature °C, Salinity PSU, Water level data, Feet (LMSL), and Precipitation, Inches.
This shows that water levels are affected by precipitation and how precipitation and water levels are affecting
Salinity. Noting the scale, salinity levels, do not fluctuate very much. Temperature data is similar to that found in
well 55a. The sharp spike and downward shift in salinity levels around 2017-09-05 is not mirrored in the
temperature or the water levels, this is proposed to be an error caused by the sensor. Further examination of the
data in future studies will hopefully resolved this anomaly.

Figure 5C. Well 33 Power Spectral Density (PSD) graphs for Water Levels, Temperatures, Salinity, and Tides
at well 55a. The green line superimposed on the data is a Welch's Method PSD for local tidal data to visually
check if there is any correlation. The presence of defined peaks in the water level data suggests that there is
periodicity in the data. Peaks in the water level data match up with the peaks in the Welch’s Method PSD for
local tidal data. Data have been resampled to have matching frequencies for the fast Fourier transform (FFT).
X-axis is in Hz because FFT uses a frequency domain as opposed to a time domain. Reasoning behind why well
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33 exhibits tidal influence, while well 55a and 56 do not, could be related to distance between the well and the
bay, elevation of the TOC, or other factors. Well 33 is approximately 45 feet deep with the bottom of the well at
approximately -35 feet LMSL.
Vertical profiles

Figure 6. Vertical profile plots. Scales for each plot are different and depth of profile is dictated by pump
location and does not represent the bottom of the well. Wells are assumed to be open borehole.
Keeping in consideration the low accuracy of the above graphs, rough interpretations can be made about
individual wells. Well 17 has producing fractures at approximately -21 ft and -61 ft, it is also very close to the
shoreline and could be tapping into the freshwater-saltwater mixing zone. Wells 55a, 55, and 56 do not exhibit a
step like behavior as seen in well 17 or 33. It is therefore possible that all of these wells’ water comes from a
shallow ~0 LMSL fracture. Wells 55a, 55, and 56s’ close proximity and similar vertical profiles could indicate
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each well was completed into the same “zone”. A notable point to make is 55a’s Salinity concentration, at ~11
PSU, it is significantly higher than its neighboring wells 55 and 56.
Well 33 appears to have producing fractures at approximately -9 ft and -15 ft. Correlation between depth and
salinity is included at the top of each graph, wells with high correlation exhibit the stair step behavior, possibly
associated with the freshwater-saltwater mixing zone, meanwhile wells 55a, 55, and 56 do not have multiple
producing fractures. These correlations and interpretations are suspect because each well is pumped at a different
rate and frequency, with some wells being pumped multiple times a day and other wells being completely
offline.
Water quality
Table 1. Water quality data from field parameters, measured with HANNA HI 9813-6 hand-held multi-meter
location

grab date

time

temp

ph

EC (mS/cm)

TDS (mg/L)
(ppm)

calibration test

8/21/2017

9:30 AM

24.9

6.02

1.36

984

78

5/28/2017

5:00 PM

24.5

6.9

0.25

183

65

5/27/2017

5:55 PM

24.5

6.8

2.51

1877

15

5/27/2017

3:30 PM

24.5

7.55

0.1

80

48

5/28/2017

4:30 PM

24.5

6.8

0.27

198

55a

5/27/2017

4:00 PM

24.5

7.4

0.36

260

15

6/17/2017

3:00 PM

19.1

6.6

0.09

77

6/17/2017

10:46 AM

22.5

7.2

2.54

78

6/18/2017

1:00 PM

24.8

7.3

0.29

210

65

6/18/2017

1:00 PM

24.8

7.3

2.62

1962

64

6/18/2017

10:00 AM

18.8

7.4

1.08

64

6/18/2017

10:00 AM

24.8

7.4

1.23

55a

6/18/2017

3:00 PM

16.5

6.3

0.21

78

6/30/2017

24.9

7.6

0.31

219

78

7/3/2017

24.9

7.1

0.27

200

78

7/29/2017

24.9

6.9

0.31

223

886

17

55a

8/7/2017

7:10 PM

24.9

6.1

8.56

NA

21

8/7/2017

1:00 PM

24.7

7

1.28

1332

55

8/7/2017

8:30 PM

24.9

6.5

3.51

NA

64

8/11/2017

10:00 AM

24.9

7.5

1.04

744

55

8/13/2017

3:00 PM

24.9

6.1

8.58

NA

36

8/16/2017

4:00 PM

25

7.5

36

8/16/2017

4:00 PM

24.8

7.6

1.55

1128

65

8/17/2017

11:11 AM

24.8

6.3

9.3

NA

55a

8/17/2017

8:19 PM

23.4

6.3

8.58

NA

1100

Table 2. University of Pennsylvania lab results from Inductively coupled plasma mass spectrometry (ICP-MS)
and Auto Titration

Well Time

Amount

Amount Amount Amount Amount Amount

ppm

ppm

Fluoride

Chloride Nitrite

ECD_1

ECD_1

ppm

ppm

ppm

Bromide Nitrate

ECD_1 ECD_1

Amount Conductivity p H

ppm

Total_
hardne
Alkalinity ss
mg/L
CaCO3

µS/cm

ppm

Phosphate Sulphate

ECD_1 ECD_1

ECD_1

55

8/7/17 n.a. (no peak
19:10 found)

6495.14 n.a.

5.2879 n.a.

n.a.

19.555

17495.2

6.12

1.32 ???

55

5/27/17 n.a. (no peak
16:00 found)

56.3781 n.a.

14.0904 n.a.

n.a.

10.249

286.1

6.64

1.09

65

8/17/17
11:01

39.7842 9743.654 n.a.

2.7441 n.a.

27.477

25184.8

6.18

1.69 ???

36

8/16/17
16:00

0.0005 424.5031 n.a.

0.365

1532.9

6.42

2.33

370.3316

40.63 n.a.

n.a.

66

506

Model results
Model results are shown below for scenarios 1, 2, and 3. Using maximum heads as an indicator of the effects of
each scenario, scenario 1 has a maximum observed hydraulic head of 10.86 feet above MSL, this is reasonable
considering the highest water level/hydraulic head measured by the project was 6.65 feet above MSL in well 55a
on 06-17-17 (Table 3, Appendix A). Scenario 1 yields a 50% ZETA surface at approximately 190 feet below
MSL along row 50. Scenario 2 yield as 50% ZETA surface at approximately 188 feet below MSL along row 50
and a maximum observed hydraulic head of 10.81. This very small change in hydraulic head and the 50% ZETA
surface can be interpreted as the idea that on Fogland Point pumping alone does not contribute to significant
changes in the freshwater-seawater interface.
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Scenario 3, runs in a transient state and changes recharge and pumping on a simulated seasonal basis. Scenario 3
has a maximum head of 2.833 feet above MSL after simulation of three peak-seasons. The lowest water
level/hydraulic head measured by the project was -0.97 feet above MSL in well 15 on 08-16-17 (Table 3,
Appendix A). The significant difference between maximum head between scenario 1 and scenario 3 can be
interpreted as the idea that because precipitation is nearly constant year round that ET is having a significant
effect on groundwater recharge, which when coupled with increased pumping rates can raise the 50%
freshwater-seawater ZETA surface to approximately -145 feet above MSL. Figures 7A, 7B, 8A, 8B, 9A, and 9B
show the hydraulic heads and 50% freshwater-seawater ZETA surface for each scenario.

Figure 7A. Hydraulic heads at the end of scenario 1. Maximum head of 10.86 feet above MSL.
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Figure 7B. ZETA surface, 50% seawater salinity, at the end of scenario 1.

Figure 8A. Hydraulic heads at the end of scenario 2. Wells are plotted as red cells. Maximum head of 10.81 feet
above MSL.
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Figure 8B. ZETA surface, 50% seawater salinity, at the end of scenario 2.

Figure 9A. Hydraulic heads at the end of scenario 3. Wells are plotted as red cells. Maximum head of 2.833 feet
above MSL.
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Figure 9B. ZETA surface, 50% seawater salinity, at the end of scenario 3.
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Model calibration
At the time of this report the model has not been calibrated. Further research into calibration utility in FloPy is
necessary to determine a methodology. Manual calibration using observed hydraulic heads vs. measured heads
and measured salinity calculated from the ZETA surfaces vs. measured salinity from the vertical profiles, sample
data and CTD data will aid in further refining the model.
SWI2 ZETA surface
Represents 50% interface, Since some of the wells on Fogland Point reach concentrations equivalent to 52%
seawater, modelling the 50% surface is a good starting point. After further model refinement and calibration with
the 50% and possibly 25% surface, a sustainable yield scenario could be modeled using a 5% ZETA surface.
Other factors
There are a number of other factors and inputs that go unknown. A thorough aquifer test involving two or more
wells would provide data of sufficient quality/resolution so to calculate aquifer properties specific to Fogland
Point using the Hantush-Jacob solution for partially penetrating wells in an unconfined aquifer. A full year of
CTD data would be invaluable in accurately characterizing a conceptual model and calibrating the groundwater
model.
Although it is known that there are two reverse osmosis (RO) units on Fogland Point, amounts, frequency, and
concentrations of reverse-osmosis brine discharge are unknown. It is possible that brackish water with high
salinity concentrations coming directly from RO brine discharge is affecting shallow wells. If this were true it
would offer an explanation to the uniform salinity concentrations found at well 55a.
Another factor not accounted for in this investigation is the practice of “hydro-fracking”, using explosives or
other methods to increase conductivity of wells installed in fractured rock. The extent of fracking is unknown,
although the effects on hydraulic conductivity and related aquifer parameters would be significant. It is possible
that fracked wells have opened new conduits to brackish water. If this were true it would offer a possible reason
for increased salinity levels found in wells because of increased mixing of brackish and freshwater across
previously non-existent pathways.
CONCLUSION
The Fogland Point peninsula (fig. 1) provides a relatively small-scale, well-defined study area for evaluating the
issues related to groundwater withdrawals and seawater intrusion that affect many coastal groundwater
communities. The peninsula has been subject to increasing groundwater withdrawals and it has been recorded in
this report that some of the domestic wells on the peninsula have experienced increases in salinity, particularly
during summer months of reduced recharge and increased withdrawals.
The presented method to model seawater intrusion, the magnitude of water quality fluctuations at Fogland Point,
and the practical alternatives available for temporary treatment or supplemental water, can lead to alternative
definitions of unacceptable consequences for the purpose of estimating sustainable yield. The primary tool used
in the model creation, calibration, and interpretation/visualization of this project was FloPy (Bakker et al., 2016),
a python package interface for MODFLOW. This project employed the Seawater Intrusion package, SWI2, to
simulate three-dimensional vertically integrated variable-density groundwater flow using MODFLOW-2005.
Field data was collected from two site visits in August 2017 and November 2017. Other data included in this
project came from local weather stations, tide gauges, and remote sensing.
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This report is submitted for the completion of the capstone requirement for University of Pennsylvania’s Master
in Applied Geosciences program. This project’s primary goal of establishing a practical sustainable yield for the
Fogland Point peninsula will require a significant amount of additional work. The results from field activities
show high salinity concentrations in multiple wells on Fogland Point. The model supports the field observations
with the presence of the 50% freshwater-seawater interface at approximately -145 feet MSL below the peninsula.
The amount of groundwater withdrawals by wells are less of a factor on salinity concentrations than the total
depth of the wells and seasonal changes in groundwater recharge. Shallow wells generally produce fresher water,
unless being influenced by salinity from water treatment system brine disposal or increased deep-zone mixing
from hydro-fracking.
The project’s secondary goal of summarizing the data processing and modeling procedure utilizing a Jupyter
notebook has been successful (Appendix B).
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Appendix A
Table 3. Results of elevation survey and comparable water levels
well

date

time

lat

lon

feet below
TOC

TOC Elevation
(LSML)

Water level
above LMSL

56

06/17/17

02:32:00
PM

41.561257

-71.220166

15.69

21.5319

5.8419

55

06/17/17

02:40:00
PM

41.561372

-71.219943

15.09

21.2267

6.1367

33

06/17/17

03:20:00
PM

41.561014

-71.219101

10.44

12.129

1.689

77

06/17/17

02:57:00
PM

41.561731

-71.219546

20.51

22.252

1.742

55a

06/17/17

02:36:00
PM

41.561401

-71.219786

14.79

21.4448

6.6548

15

06/17/17

03:58:00
PM

41.560285

-71.220009

13.18

15.566

2.386

17

08/16/17

02:56:00
PM

41.562494

-71.219726

11.74

13.3448

1.6048

56

08/16/17

03:07:00
PM

41.561257

-71.220166

20.01

21.5319

1.5219

55

08/16/17

03:04:00
PM

41.561372

-71.219943

21.37

21.2267

-0.1433

33

08/16/17

03:20:00
PM

41.561014

-71.219101

11.2

12.129

0.929

55a

08/16/17

03:04:00
PM

41.561401

-71.219786

21.37

21.4448

0.0748

15

08/16/17

03:13:00
PM

41.560285

-71.220009

16.54

15.566

-0.974

Pumping rates for scenario 2:
Well 64; 40 gal/day; 5.35 ft3/day for 365 days/year, written communication by Carleton, 2017
Well 77; 200 gal/day; 26.73 ft3/day for 50 days/year, written communication by Carleton, 2017
Well 78; 20 gal/day; 2.67 ft3/day for 50 days/year, written communication by Carleton, 2017
All other wells 100 gal/day; 13.37 ft3/day for 50 days/year, written communication by Carleton, 2017
No pumping well 56
No pumping well 33
Pumping rates for scenario 3:
Well 64; 5.35 ft3/day withdrawal over 92 day peak-season
Well 77; 14.85 ft3/day withdrawal over 92 day peak-season
Well 78; 1.45 ft3/day withdrawal over 92 day peak-season
All wells; 7.27 ft3/day withdrawal over 92 day peak-season
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Appendix B
Link to online code repository, View the README.md for further information
https://github.com/spencerbh/Fogland
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Appendix C
Future work will estimate evapotranspiration using Earth Engine Evapotranspiration Flux (EEFlux), an
evapotranspiration modeling tool on Google Earth Engine (GEE, a javascript platform for scientific analysis and
visualization of geospatial datasets). EEFlux is an implementation of METRIC (Mapping EvapoTranspiration at
high Resolution with Internalized Calibration) ET mapping algorithms for processing Landsat and MODIS
imagery in GEE. Reference ET in EEFlux is calculated using the ASCE Standardized Penman-Monteith
Equation for the Tall Reference (Alfalfa). Evaporation from Bare Soil is used to calibrate the EEFlux
Evapotranspiration Surface Energy Balance to account for background Precipitation Effects on the ET
Evaporation Coefficient, Ke. Reference ET and Evaporation from Bare Soil are computed from the daily
GridMET data set (Abatzoglou, 2012) derived from the North American Land Data Assimilation System
(NLDAS) and Parameter-elevation Regression on Independent Slopes Model (PRISM) data sets. Outputs from
EEFlux are in the form of GeoTiff files of actual evapotranspiration (ETa) with 30m resolution. GEE will be
used to interpolate time series data for ETa values on Fogland Point and its surrounding areas. Examples of
EEFlux images are included in Appendix C.

Figure C1. Fogland Point, Rhode Island
Actual ET: 2017-10-20 / LC80120312017293LGN00 / Cloud 0% / Tier T1
Actual ET scale (mm/day):
0
2
4
6

8

10

29

Fogland Point, Rhode Island
Actual ET: 2017-08-09 / LE70120312017221EDC00 / Cloud 0% / Tier T1
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Appendix D

Figure D1. Well test data for well 17, test performed by Environmental Quality Inspection, Tiverton, Rhode
Island
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