
List of Reports
Hydrologic Budgets and Seasonal Trends  -  Tohickon Creek Watershed                                                 Arthur L. Baehr,  January 22, 2026



BNTGMC Annual Report 2025



Hydrologic Budgets for the Tohickon Creek Watershed -   Drought and Wet Years                                                                                                                                                                                                                                                         Arthur L. Baehr,  October 2025.  

                                          

Hydrologic Budgets and Seasonal Trends - Tohickon Creek Watershed                                                                                                                                                                                                                                                                               Arthur L. Baehr, February 2025. 

                                                      
 
Groundwater Symposium 2025    Tom Eckhoff       

                   

Conductivity Estimates from Permit Well Tests                                                                                                                                                                                                                                                                                                                       Arthur L Baehr,  June 2024.                       

                          

Groundwater Interaction with the Delaware River in Bridgeton, Nockamixon, and Tinicum Townships                                                                                                                                                                                                        Arthur L. Baehr, April 26, 2024                                                                 



Groundwater Stewardship Seminar 4/8/2024                                                                                                                                                                                                                                                                                                                                 Part 1 Introduction to BNTGMC and ECO-Bucks and Water Quality Testing


https://youtu.be/Yc3MLT7SzOM

Groundwater Stewardship Seminar 4/22/2024                                                                                                                                                                                                                                                                                                                              Part 2 Groundwater Withdrawal Ordinance and Monitoring Activities of the BNTGMC


https://youtu.be/gsij24wClM0

Water Quality Data - Bridgeton, Nockamixon, and Tinicum Townships 1992-2023                                                                                                                                                                                                                                              Arthur L Baehr, March 2024



Transmissivity, Conductivity, and Storage Coefficient Estimates using 30-minute Groundwater Level Data                                                                                                                        Arthur L. Baehr, May, 2023

                       

Response of Groundwater Level to Precipitation                                                                                                                                                                                                                                                 Arthur L. Baehr, March, 2023



The Precipitation Component of a Local Drought Monitor                                                                                                                                                                                                                                    Arthur L. Baehr, April, 2022       

                                                                                                                                               
                 
The Ground Water Component of a Local Drought Monitor                                                                                                                                                                                                                           Arthur L. Baehr March, 2022



A Local Drought Monitor for Northern Bucks County                                                                                                                                                                                                                                             Arthur L. Baehr, March, 2021



Mini Pump Test Prototype Successful                                                                                                                                                                                                                                                                     Arthur L. Baehr, August, 2018      



Application of a local groundwater monitoring network                                                                                                                                                                                                                                    Arthur L. Baehr  May, 2018 



This is How We Do It-Installing a Well Logger                                                                                                                                                                                                                                                                Riley Murphy and Mary Lennon 




                                                                                     


image4.emf
Hydrolgic cycle  analysis Tohickon Watershed 2013 - 2024.pdf


Hydrolgic cycle analysis Tohickon Watershed 2013 - 2024.pdf
Hydrologic Budgets and Seasonal Trends - Tohickon Creek Watershed
Arthur L. Baehr
February 2025

Summary
This is an update to the previous report with 2024 data added.

1. Precipitation, recharge, storm runoff, and evapotranspiration are analyzed for the 12-year
period from 2013 through 2024.

2. Streamflow on the Tohickon Creek at Pipersville, precipitation across Northern Bucks County
and groundwater level data are publicly available online to construct annual and monthly
watershed budgets.

3. Average annual recharge from 2013 through 2024 is 10.0 inches for the Tohickon Creek
Watershed. The minimum over this 12-year period was 6.1 inches in 2016. The maximum was
16.8 inches in 2018. Similar results are expected for the adjacent Tinicum Creek Watershed.

4. Average annual precipitation from 2013 through 2024 was 48.8 inches. Streamflow exiting the
watershed at Pipersville was 47.9% of precipitation and comprised of 66% storm runoff and 34%
baseflow. Average annual evapotranspiration was 51% of precipitation.

5. During four cooler months, December through March, 60.2% of annual recharge and 7.3% of
annual evapotranspiration occurs.

6. During four warmer months, July through October, 10.8% of annual recharge and 58.0% of
annual evapotranspiration occurs.

7. During four intermediate months, April through June, and November, 29.0% of annual
recharge and 34.6% of annual evapotranspiration occurs.

8. Therefore, precipitation during cooler months is most effective in replenishing the aquifer. Dry
cooler months can lead to subsequent drought conditions in the following warmer months as
groundwater levels drop from a lower seasonal high.

9. On average from November through April, recharge is greater than the sum of streamflow
exiting the watershed and evapotranspiration, resulting in increasing groundwater levels.

10. On average from May through October, recharge is less than the sum of streamflow exiting
the watershed and evapotranspiration, resulting in decreasing groundwater levels.

11. In any year November, April, May, and October. can be groundwater level transition months.

12. During the four warmer months, baseflow is low and less variable relative to other months. It
is postulated that this baseflow level is due to longer, steadier groundwater flow paths
discharging to Tohickon Creek throughout the watershed.

13. Subsequent years added to the analysis will increase understanding of the variability in the
local hydrologic cycle in response to drought and other climatic conditions.





The Tohickon Creek Watershed and Monitoring Locations

Figure 1 is a map of the study area encompassing the Tohickon Creek and Tinicum Creek
Watersheds. Tohickon and Tinicum Creeks flow to the Delaware River as do the smaller streams
in the northeastern part of the study area. Above the USGS gauge station on the Tohickon Creek
at Pipersville lies 97.4 square miles of the Tohickon Creek Watershed. This active gauge station
has been in operation since July, 1935 [1]. There is no active gauge station on Tinicum Creek,
however, USGS operated one there from 1991-1992 [2].

The three maroon circles near the eastern edge of the Tohickon Creek Watershed are locations of
wells where groundwater levels are monitored every 30 minutes by the Bridgeton Nockamixon
Tinicum Groundwater Management Committee (BNTGMC). The BNTGMC monitors
groundwater levels at other sites, however, these three wells are situated within the Tohickon
Creek Watershed. The red circle is the location of the USGS well at Nockamixon Sate Park for
which continuous groundwater level data is available since November, 1967 [3]. Precipitation
station locations are denoted by the purple outlined circles.
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Figure 1 Tohickon Creek Watershed Map with Monitoring Sites [5]
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Woatershed Budgets

Watershed budgets quantify the fate of precipitation. A control volume is selected to apply the
conservation of mass principle, (water in) — (water out) = (change in storage), for a specified
duration as follows:

P — (SF + ET + W) = AGWS + ASWS + AUWS 1)

Where: P is precipitation, SF is streamflow, ET is evapotranspiration, W is withdrawals, AGWS
is change in groundwater storage, ASWS is change in surface water storage, and AUWS is
change in unsaturated zone storage. For annual budgets beginning on January 1 and ending
December 31, ASWS and AUWS are assumed negligible. Lake Nockamixon is a large feature
within the watershed, however, neglecting ASWS is reasonable. Likewise, AUWS is assumed
negligible as no data is available for AUWS [2]. Figure 2 is a schematic illustration of the
components of a watershed budget.

Figure 2 Schematic of the Components of a Watershed Budget
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For the Tohickon Creek Watershed, W is essentially comprised of groundwater withdrawal as
surface water use is negligible. There is a need to regulate withdrawals, for example, wells
placed too close to each other can result in local-scale drawdown deleterious to supply
sustainability. For constructing a watershed-scale budget, however, W can be neglected as it is
small compared to P, SF, and ET (equation 1). Consider that P = 45 inches/year falling over the
97.4 square mile Tohickon Creek Watershed is equivalent to 7.6 x 10° gallons/year. This is
equivalent to the water supply for about 1 million people assuming water usage of 200
gallons/person/day. The minimum streamflow on the Tohickon Creek at Pipersville between
2013 and 2022 was SF = 2.1 x 10 gallons/year in 2016 or equivalent to the water supply for
about 275,000 people. ET is on the order of SF as discussed below. There are about 15,000





people residing in the Tohickon Creek Watershed. Furthermore, groundwater withdrawal
discharged to septic fields will ultimately contribute to SF or ET.

With these assumptions, annual watershed budgets are approximated by the simpler version of
equation (1):

P=SF+ET+AGWS @)

The data and methods used to estimate P, SF, and AGWS are presented in the Appendix. ET is
calculated by difference, as such ET estimates include the cumulative errors of assumptions and
data uncertainty. ET estimates are, however, assumed representative of the magnitude of this
pathway.

Total streamflow SF is comprised of baseflow BF and storm runoff SRO :
SF =BF + SRO 3)

BF is the component of SF attributed to groundwater discharge to the stream. All groundwater
flow paths, short and long contribute to BF (Figure 2). SRO, also called overland flow, is
streamflow exceeding baseflow attributed to a precipitation event (ie. storm). The hydrograph
separation technique used to determine BF and SRO is presented in the Appendix. Upon
determining BF, recharge R can be estimated by selecting the aquifer as the control volume and
applying the conservation of mass principle:

R =BF + AGWS + GWET (4)

where AGWS is the change in aquifer storage and GWET is evapotranspiration from the water
table to the unsaturated zone. AGWS is determined by multiplying groundwater level change by
specific yield (see Appendix). GWET was estimated for the Brunswick Formation to be a
constant 2 inches/year [2]. Recharge is the component of the hydrologic cycle of primary
interest in a watershed relying on groundwater supply as it is the amount of water replenishing
the aquifer (Figure 2).

Table 1 is a summary of annual budgets for 2013 to 2024. The average annual recharge, R=10.0
inches, is 20.5% of the average annual precipitation of 48.8 inches. Yearly recharge values are
plotted in Figure3. For comparison, Sloto and Schreffler [2] reported average annual values of: P
=47.2, SF =22.6, and ET = 24.3 for the 24 years from 1968 to 1991.





Table 1 Annual Budgets - Tohickon Watershed 97.4 square miles above Pipersville, PA
all values in inches

P SF ET AGWS BF SRO GWET R

2013 53.1 235 29.3 0.3 8.5 15.0 2.0 10.8
2014 53.0 26.2 27.9 -1.0 8.1 18.1 2.0 9.0
2015 46.0 14.9 31.1 0.0 6.3 8.5 2.0 8.3
2016 39.8 12.6 28.6 -1.4 5.5 7.1 2.0 6.1
2017 43.8 17.6 24.7 1.4 7.3 10.3 2.0 10.8
2018 59.4 41.1 16.7 1.6 13.2 27.9 2.0 16.8
2019 53.7 32.7 23.0 -1.9 10.4 22.3 2.0 10.5
2020 50.4 27.6 223 0.5 8.4 19.2 2.0 10.9
2021 49.3 23.9 25.1 0.2 7.4 16.5 2.0 9.6
2022 46.6 23.6 23.6 -0.6 8.4 15.3 2.0 9.8
2023 49.0 24.0 24.8 0.3 6.8 17.2 2.0 9.1
2024 41.7 12.8 22.8 -1.6 7.8 12.8 2.0 8.2
average 48.8 23.4 25.0 -0.2 8.2 15.8 2.0 10.0
% P 100.0 47.9 51.2 -0.4 16.7 32.4 4.1 20.5

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P=SF+ET+AGWS aquifer budget: R =BF + AGWS + GWET

Figure 3 Recharge Tohickon Creek Watershed 2013-2024.
dashed line is 12-year average - 10 in/yr
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Sloto and Schreffler [2] estimated recharge for watersheds in Northern Bucks County (Table 2)
from 1991 to 1992. They found recharge values for the Tinicum Creek and Tohickon Creek
Watersheds were similar. This is relevant to BNTGMC as much of Nockamixon and Tinicum
Townships reside in the ungauged Tinicum Creek Watershed. It is reasonable to assume budgets
for the Tohickon Creek Watershed can approximate those for the Tinicum Creek Watershed.





Table 2 Comparison of Recharge in Northern Bucks County Watersheds 1991 - 1992
all values in inches

R BF inches AGWS GWET
Tohickon 1991 7.7 6.9 -1.2 2.0
Creek 1992 5.1 6.5 0.6 2.0
average r 8.4 6.7 -0.3 2.0
Tinicum 1991 8.2 6.7 -0.5 2.0
Creek 1992 8.6 6.6 0.0 2.0
average 8.4 6.7 -0.3 2.0
Cooks 1991 12.4 11.1 -0.7 2.0
Creek 1992 9.9 7.7 0.3 2.0
average 11.2 9.4 -0.2 2.0
Paunnacussing 1991 12.4 11.3 -0.8 2.0
Creek 1992 121 9.5 0.6 2.0
average 12.3 10.4 -0.1 2.0
Mill 1991 8.2 8.2 -2.0 2.0
Creek 1992 8.2 6.1 0.2 2.0
average B.2 7.2 -0.9 2.0
5 basin average 9.7 8.1

R - recharge BF- baseflow precipitation AGWS - change in grounwater storage GWET - groundwater evapotranspiration
Data for Tinicum, Cooks, Paunnacussing, and Mill Creeks from Sloto and Schreffler [2]

Monthly Budgets and Seasonal Trends

Monthly budgets were calculated to quantify seasonal trends. Figure 4a is a graph of recharge R
and 4b of evapotranspiration ET from 2013 through 2024. Baseflow separation of hydrographs is
required to produce monthly budgets. Baseflow separation is explained, and monthly budgets are
tabulated in the Appendix. Slightly negative values for R and ET are due to method
approximation errors. Negative values for ET occur in cooler months and indicate negligible ET.
Seasonal cyclical trends for R and ET are apparent in Figures 4a and 4b. R is higher in cooler
months when ET is lower, and R is lower in warmer months when ET is higher [4].





Figure 4a Monthly R Recharge 2013 - 2024
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Figure 5 is a graph of the average monthly R recharge values arranged by month. The black
curve is the cumulative amount (right axis). Table 3 is a summary corresponding to Figure 5 with
the year partitioned into 3 parts: cooler December through March, intermediate April through

June and November (4,5,6,11), and warmer July through October (7,8,9,10). Each partition is
about 1/3 of the year.

During the cooler season 60.2 % of annual R occurs, during the warmer season 10.8 % of annual
R occurs, and during the intermediate season 29.0 % of of annual R occurs. Precipitation falling
during cool months, therefore, is more effective in replenishing the aquifer than other months.

Dry cooler months can lead to subsequent drought conditions in warmer months as groundwater





levels drop from a lower seasonal high condition. Recharge is higher and more variable in the
cooler months because ET is low.

Referring to Figure 5, R during warmer months is significantly lower and less variable than for
other months. Increased ET renders precipitation less effective in contributing to recharge for
many storms during this time. It is postulated that baseflow to Tohickon Creek in warmer months
is mostly attributed to longer, steadier flow paths in the aquifer system. Recharge from June
through September averages 10.8 % of the yearly total.

Figure 5 Average Recharge 2012 to 2024 by Month
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Table 3 Seasonal Distribution of Budget 2013 to 2024

P R ET
inches inches inches
12,1,2,3 14.8 6.0 1.8
4,5,6,11 16.0 29 8.7
7,8,9,10 18.0 1.1 14.5
total 48.8 10.0 25.0

P - precipitation R-recharge ET - evapotranspiration





Figures 6 are depictions of the 12-year average water budget for the Tohickon Creek Watershed.
Total streamflow SF and Evapotranspiration ET are nearly equal at 51.2% and 47.9% of
precipitation, respectively (Figure 6a).

Figure 6a average annual Tohickon Creek Watershed Budget 2013-2024.
Values are % of average annual precipitation P = 48.8 inches

u Streamflow SF = Evapotranspiration ET

Total streamflow SF is comprised of 66% Storm Runoff SRO and 34% Baseflow BF (Figure 6b).

Figure 6b Components of Total streamflow average 2013-2024
Values are % of Total streamflow SF=23.4 inches

= Baseflow BF = Storm Runnoff SRO
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Appendix
Precipitation

Table Al is a list of the precipitation values P used in the Tohickon Creek Watershed budgets.

Table Al Precipitation P inches/month

2024 2023 2022 2021 2020 2019 2018 2017 2016 2015 2014 2013 average
JAN 6.2 4.6 18 18 2.5 4.0 25 39 35 3.6 3.8 4.2 35
FEB 1.9 1.4 3.7 3.7 3.2 27 5.9 1.5 4.7 23 58 2.7 33
MAR 6.3 25 3.8 3.8 3.6 4.0 3.6 3.8 14 57 3.6 3.1 3.8
APR 43 3.0 1.6 1.6 a.7 3.8 4.2 37 2.6 23 43 3.6 33
MAY 3.8 17 3.9 3.9 29 9.0 4.7 5.0 43 0.3 9.0 4.0 4.4
JUN 25 4.4 5.1 5.1 29 6.0 3.1 3.7 21 8.6 4.6 81 4.7
JuL 2.7 6.6 4.8 4.8 6.0 7.1 6.2 6.2 6.3 4.5 6.1 9.4 5.9
AUG 5.0 4.0 6.5 6.5 9.2 2.8 7.9 5.0 3.0 3.7 2.0 6.3 5.1
SEP 1.7 7.5 10.4 10.4 33 1.6 7.0 2.7 3.2 4.0 2.0 2.6 4.7
ocT 0.0 13 4.6 4.6 3.4 6.3 3.0 5.1 2.2 39 3.2 17 33
NOV 29 3.2 13 13 3.1 2.8 8.9 1.6 24 1.9 4.5 2.8 3.0
DEC 4.8 8.8 1.7 1.7 5.7 3.7 2.5 1.4 4.1 5.1 4.2 4.7 4.0
total
inches/year 42.0 49.0 49.3 49.3 50.4 53.7 59.4 43.8 39.8 46.0 53.0 53.1 49.7

Table Al lists median values reported for the weather stations listed in Table A2. Locations are
plotted in Figure 1. Using medians from multiple stations gives a better representation of
precipitation falling over the entire watershed. Data is not available for all stations for all months
and unrealistic outlier values were rejected.

Table A2 Weather Stations in Bucks County used in Watershed Budget Caleulations

record
available

elevation online

lat long feet name since
40.4999 -75.2041 387  Bucksville 1978
40.5711 -75.2781 860 Springtown 1INNE 1991

40.46313 -75.3281 521 Quakertown 1.9NNE 2014
40.4803 -75.3755 562  Quakertown3.2 NN\ 2019

40.49501 -75.0867 267  Riegelsville 9.1 SE 2020
40.379 -75.2802 390  Perkasie 0.8NE 2020
40416 75195 460  Perkasi 2008
40.533 -75.209 509 Traugers X 2011
40.473 -75.169 495  Ottsville 2020

40.52407 -75.1991 605 Palisades HS 2021

NOAA longer record https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/ stations/GHCND:USC00361080/detail

NOAA shorter recorc https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/ stations/GHCN D:US1PABK0033/d etail

Wunderground https://www.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAPERKA3/graph/2020-01-19/2020-01-19/monthly
https://www.wunderground.com/ https://www.wunderground.com/dashboard /pws/KPAKINTN2/table/2020-01-4/2020-01-4/monthly
https://www.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAOTTSVE?cm_ven=localwx_pwsdash
https://www.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAKINTN12/table/2022-03-28/2022-03-28/monthly

The dependence of precipitation on elevation is an incidental finding of this study. Table A3 is a
list of stations (in addition to Bucksville and Springtown listed on Table A2) with records long
enough to determine long-term annual precipitation averages. Annual averages were plotted and
contoured to produce Figure Al. Doylestown Airport was omitted as it was deemed a low
outlier. Annual precipitation increases in the northwest direction corresponding to increasing
elevation (Figure A2). Annual precipitation increases approximately 1 inch per 100 feet
increased elevation within the confines of the watershed.





Table A3 Additional Regional Weather Stations used for Precipitation Dependence on Elevation

record

available avg
elevation online annual
lat long feet name since inches
40.3596 -74.9446 68 Lambertville NJ 1931 50.8
40.3552 -75.3131 383 Sellersville 1948 53.6
40.3483 -75.2862 390 Perkasie 1.6 SSE 1998 52.8
40.33015 -75.1228 395  Doylestown Airport 1999 45.4
40.2893 -75.0931 256  Furlong 1998 50.6
40.1483 -74.953 40 Neshaminy Falls 1915 52.6

https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/locations/FIPS:42017/detail#stationlist

Figure A1 Average Annual Precipitation Contour Lines in inches
(contours were generated using the software package Surfer https://shop.goldensoftware.com/)
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Baseflow separation

Flow in the Tohickon Creek at Pipersville, SF is available online:
https://waterdata.usgs.gov/pa/nwis/uv/?site_no=01459500&PARAmeter_cd=00065,00060,00010

Average daily values were used to generate hydrographs to provide graphs to accomplish
baseflow separation: BF = SF — SRO (equation 3). Figure A3 is an example hydrograph. During
spikes in SF resulting from storms, BF is assigned by linear interpolation between points at the
beginning of the storm and the end of the spike. This technique is referred to as the straight line
method (https://serc.carleton.edu/hydromodules/steps/baseflow_separa.html). During periods
between storms baseflow is assigned the total flow. Generally, several days pass before baseflow
conditions are re-established after a storm.

To complete a monthly budget, SRO and BF values for the month are determined by numerical
integration to determine the volumes passing Pipersville in cubic feet. Then the volume is
divided by watershed area (97.4 square miles = 27,878,400 square feet) and converted to express
in terms of inches. The budgets reported here are archived in the workbook: Tohickon Watershed
Budgets.xlIsx located on the BNTGMC shared google drive.



https://waterdata.usgs.gov/pa/nwis/uv/?site_no=01459500&PARAmeter_cd=00065,00060,00010

https://serc.carleton.edu/hydromodules/steps/baseflow_separa.html



Figure A3 Hydrograph Tohickon Creek @ Pipersville

1210
1010
810
) 610
[S)
410
210
B0a .
10
2. . Z. 2, 2 2 2 2. 2
0 =% %0 < o s <0 % £
2 2 2 0 2 2 > 2 2
2, 2) 2, 2 2) 2, 2) 2) 2
2o % 2 > 2 2o 8 2o 8
—@—SF Dec. 2013 BF baseflow

Groundwater Storage

Change in groundwater storage is calculated by multiplying specific yield by the change in
groundwater level: AGWS = Sy(AGW). Sloto and Scheffler [2] estimated changes in
groundwater level over the entirety of the Tohickon Creek Watershed using data from one well,
the USGS observation well BK929 at Lake Nockamixon State Park:
https://waterdata.usgs.gov/pa/nwis/dv/?site_no=402643075150501&agency_cd=USGS&amp;referred_module=gw
BK929 is situated in the Brunswick Formation. They also assumed the constant value Sy = 0.02
(unitless) to represent the specific yield for the Brunswick Formation near the water table.

The BNTGMC monitors groundwater levels every 30 minutes at ten wells, three of which are
within the Tohickon Creek Watershed and situated in the Brunswick formation. These wells are
called Ervin, Gruver East, and St Lukes. Referring to Figure 1, the BNTGMC wells are located
close to the eastern boundary of the Watershed. Well information is provided on Table A4.

Table A4 Well Information (lenghts in feet)

land * depth to hydrologic HUC 12
well name recordstart latitude longitude elevation well depth groundwater unit watershed
Ervin 2010 40.4471 -75.1265 374 250 70 Brunswick  Tohickon
Gruver East 2008 40.4445 -75.1323 389 unknown 82 Brunswick  Tohickon
St Lukes 2003 40.4692 -75.1571 375 275 145 Brunswick  Tohickon
USGS BK929 1967 40.4451 -75.2504 487 116 40 Brunswick  Tohickon

* representative





Monthly Budgets Tohickon Creek Watershed 2013 through 2024
Note GWET = 2/12 = 0.17 inches assumed for each month

Precipitatio Baseflow Storm Runoff ET AGWS R
2024 n inches inches inches inches inches inches
JAN 6.20 1.53 4.69 -0.38 0.36 2.06
FEB 1.94 1.27 0.56 0.07 0.04 1.47
MAR 6.28 2.19 3.73 -0.01 0.38 2.73
APR 4.00 1.17 3.00 -0.18 0.02 1.35
MAY 3.75 0.54 0.15 3.45 -0.39 0.32
JUN 2.53 0.25 0.19 2.47 -0.37 0.04
JUL 2.66 0.11 0.01 2.98 -0.43 -0.16
AUG 5.01 0.14 0.07 5.11 -0.31 0.00
SEP 1.67 0.10 0.00 2.02 -0.46 -0.19
OoCT 0.01 0.12 0.00 0.16 -0.28 0.01
NOV 2.90 0.13 0.01 2.92 -0.16 0.13
DEC 4.75 0.22 0.35 4.15 0.03 0.41
total 41.70 7.76 12.76 22.75 -1.58 8.18
% 100.00 18.61 30.61 54.57 -3.78 19.62

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+AGWS aquifer budget: R =BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R

2023 inches inches inches inches inches inches
JAN 4.55 1.62 2.48 0.15 0.30 2.09
FEB 1.44 0.62 0.13 0.53 0.15 0.94
MAR 2.55 0.78 1.32 0.02 0.43 1.37
APR 2.96 0.38 0.40 2.19 0.00 0.54
MAY 1.71 0.31 1.45 0.33 -0.38 0.10
JUN 4.40 0.15 0.04 4.37 -0.16 0.16
JUL 6.64 0.40 1.79 4.46 0.00 0.56
AUG 3.99 0.29 0.11 3.68 -0.09 0.37
SEP 7.51 0.32 1.75 5.44 0.0062 0.49
ocT 1.33 0.38 0.16 0.78 0.0118 0.56
NOV 3.15 0.36 1.01 1.77 0.0050 0.53
DEC 8.82 1.20 6.52 0.76 0.3324 1.70
total 49.04 6.80 17.15 24.48 0.61 9.40

% 100.00 13.86 34.98 49.92 1.24 19.17

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R=BF+ AGWS + GWET





Storm

Precipitation Baseflow Runoff ET R
2022 inches inches inches inches AGWS inches inches
JAN 2.80 0.80 1.18 0.69 0.13 1.10
FEB 3.13 1.16 1.98 -0.33 0.33 1.65
MAR 2.48 1.03 0.85 0.31 0.28 1.48
APR 6.20 1.43 3.82 0.84 0.11 1.71
MAY 6.45 1.14 3.13 2.20 -0.02 1.29
JUN 3.55 0.45 0.28 3.27 -0.45 0.17
JUL 2.00 0.19 0.00 2.50 -0.70 -0.34
AUG 2.53 0.17 0.01 2.97 -0.62 -0.29
SEP 3.96 0.18 0.03 4.12 -0.37 -0.02
OCT 5.73 0.40 0.42 4.87 0.04 0.60
NOV 2.73 0.39 0.39 1.85 0.10 0.66
DEC 5.08 1.83 2.36 0.32 0.57 2.57
total 46.62 9.17 14.45 23.60 -0.60 10.57
% P 100.00 19.67 30.99 50.63 -1.29 22.67

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R = BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R
2021 inches inches inches inches inches inches
JAN 1.83 0.88 1.04 -0.28 0.18 1.23
FEB 3.70 0.87 1.24 1.44 0.15 1.19
MAR 3.82 1.73 3.56 -1.92 0.45 2.35
APR 1.59 0.77 0.25 0.65 -0.09 0.85
MAY 3.90 0.37 0.29 3.66 -0.42 0.11
JUN 5.08 0.61 0.93 3.47 0.07 0.85
JUL 4.83 0.40 0.28 4.34 -0.18 0.38
AUG 6.49 0.43 0.90 5.20 -0.04 0.56
SEP 10.43 0.46 6.07 3.88 0.02 0.65
OCT 4.63 0.20 1.22 3.29 -0.08 0.29
NOV 1.28 0.30 0.65 0.14 0.18 0.65
DEC 1.68 0.38 0.04 1.27 -0.02 0.53
total 49.26 7.41 16.48 25.15 0.22 9.63
% P 100.00 15.04 33.46 51.06 0.45 19.54

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R =BF + AGWS + GWET





Storm

Precipitation Baseflow Runoff ET AGWS R
2020 inches inches inches inches inches inches
JAN 2.51 0.88 1.38 0.14 0.10 1.15
FEB 3.15 0.86 1.63 0.52 0.14 1.16
MAR 3.58 0.53 1.79 0.94 0.31 1.01
APR 4.69 1.31 2.03 1.14 0.21 1.69
MAY 2.85 0.85 0.64 1.57 -0.21 0.80
JUN 2.92 0.31 0.16 2.77 -0.32 0.16
JUL 5.99 0.29 0.95 4,94 -0.19 0.27
AUG 9.21 0.56 4.66 3.90 0.09 0.82
SEP 3.26 0.26 0.07 3.16 -0.23 0.20
OCT 3.42 0.34 0.36 2.82 -0.09 0.41
NOV 3.10 0.78 1.21 0.67 0.44 1.39
DEC 5.73 1.42 4.31 -0.24 0.24 1.83
total 50.41 8.39 19.18 22.35 0.49 10.88
% P 100.00 16.64 38.05 44.33 0.97 21.58

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R = BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R
2019 inches inches inches inches inches inches
JAN 4.03 1.67 3.17 -0.70 -0.10 1.73
FEB 2.70 1.40 1.71 -0.50 0.09 1.65
MAR 3.95 1.66 2.80 -0.64 0.13 1.95
APR 3.77 0.90 1.47 1.54 -0.14 0.93
MAY 9.03 1.30 4.31 3.24 0.18 1.65
JUN 5.97 0.55 2.28 3.35 -0.22 0.50
JUL 7.14 0.55 2.65 4.16 -0.22 0.50
AUG 2.78 0.30 0.07 3.17 -0.76 -0.29
SEP 1.64 0.15 0.01 2.01 -0.53 -0.21
OCT 6.26 0.29 0.52 5.89 -0.44 0.01
NOV 2.75 0.38 1.37 1.09 -0.09 0.46
DEC 3.72 1.23 1.92 0.34 0.23 1.63
total 53.74 10.38 22.27 22.96 -1.87 10.51
% P 100.00 19.32 41.44 42.72 -3.48 19.57

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R =BF + AGWS + GWET





Storm

Precipitation Baseflow Runoff ET AGWS R
2018 inches inches inches inches inches inches
JAN 2.46 0.62 1.20 0.34 0.29 1.08
FEB 5.93 3.05 2.33 0.00 0.55 3.77
MAR 3.62 1.95 2.45 -1.00 0.22 2.34
APR 4.19 0.87 2.10 1.14 0.08 1.12
MAY 4.68 0.70 2.11 1.71 0.16 1.03
JUN 3.09 0.38 0.18 2.95 -0.42 0.13
JUL 6.17 0.39 0.68 5.43 -0.33 0.23
AUG 7.90 0.96 3.32 3.44 0.17 1.30
SEP 6.96 0.81 2.97 2.99 0.19 1.17
OCT 3.04 0.81 0.64 1.40 0.19 1.17
NOV 8.88 1.12 6.92 0.53 0.31 1.59
DEC 2.46 1.51 3.00 -2.24 0.18 1.86
total 59.38 13.20 27.90 16.69 1.59 16.79
% P 100.00 22.23 46.99 28.10 2.68 28.27

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R = BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R
2017 inches inches inches inches inches inches
JAN 3.87 0.98 1.49 1.07 0.33 1.47
FEB 1.53 0.62 0.26 0.22 0.43 1.22
MAR 3.84 1.19 1.48 0.73 0.43 1.79
APR 3.68 1.46 1.78 0.15 0.29 1.92
MAY 5.05 0.58 1.29 2.99 0.19 0.94
JUN 3.75 0.39 0.52 2.90 -0.06 0.49
JUL 6.20 0.36 1.18 4.86 -0.20 0.32
AUG 4.98 0.46 0.84 3.51 0.17 0.79
SEP 2.68 0.29 0.17 2.38 -0.16 0.29
NOV 1.64 0.41 0.35 0.67 0.21 0.79
DEC 1.44 0.38 0.22 0.79 0.04 0.59
total 38.62 7.11 9.58 20.26 1.67 10.62
%P 100.00 18.42 24.80 52.46 4.32 27.49

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R =BF + AGWS + GWET





Storm

Precipitation Baseflow Runoff ET AGWS R
2016 inches inches inches inches inches inches
JAN 3.49 0.84 0.75 1.56 0.33 1.34
FEB 4.69 1.53 4.67 -1.98 0.47 2.16
MAR 1.39 0.78 0.37 0.11 0.13 1.08
APR 2.63 0.54 0.18 1.93 -0.03 0.68
MAY 4.33 0.66 0.89 2.84 -0.06 0.77
JUN 2.13 0.19 0.01 2.55 -0.63 -0.27
JUL 6.28 0.15 0.03 6.59 -0.49 -0.17
AUG 2.95 0.17 0.01 3.19 -0.41 -0.08
SEP 3.18 0.17 0.01 3.35 -0.35 -0.01
OoCT 2.20 0.17 0.01 2.33 -0.31 0.03
NOV 2.38 0.15 0.02 2.32 -0.12 0.20
DEC 4.15 0.18 0.15 3.76 0.06 0.40
total 39.77 5.53 7.09 28.55 -1.41 6.12
% P 100.00 13.90 17.84 71.81 -3.55 15.39

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge

Storm
Precipitation Baseflow Runoff ET AGWS R
2015 inches inches inches inches inches inches
JAN 3.63 0.77 0.788 1.76 0.31 1.25
FEB 2.34 0.35 0.144 1.90 -0.06 0.46
MAR 5.75 1.72 4.296 -0.81 0.53 2.42
APR 2.27 0.82 0.553 0.83 0.06 1.05
MAY 0.34 0.27 0.003 0.55 -0.48 -0.05
JUN 8.57 0.40 0.325 7.83 0.01 0.57
JUL 4.53 0.41 0.512 3.67 -0.07 0.51
AUG 3.68 0.15 0.020 3.95 -0.45 -0.13
SEP 4.03 0.15 0.015 4.27 -0.41 -0.09
OoCT 3.93 0.22 0.115 3.62 -0.03 0.36
NOV 1.87 0.26 0.307 1.21 0.09 0.51
DEC 5.05 0.81 1.445 2.35 0.45 1.43
total 45.95 6.34 8.52 31.14 -0.05 8.29
% P 100.00 13.79 18.55 67.77 -0.11 15.60

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge





Precipitation Baseflow Storm Runoff ET AGWS R

2014 inches inches inches inches inches inches
JAN 3.81 0.77 1.401 1.34 0.30 1.24
FEB 5.84 0.91 2.216 2.42 0.30 1.37
MAR 3.56 1.53 3.494 -1.79 0.32 2.02
APR 4.26 1.38 3.118 -0.49 0.25 1.80
MAY 9.03 1.04 5.359 2.67 -0.04 1.17
JUN 4.59 0.54 0.677 3.76 -0.39 0.32
JUL 6.07 0.30 0.177 6.26 -0.67 -0.20
AUG 2.01 0.19 0.012 2.27 -0.46 -0.10
SEP 1.98 0.16 0.003 2.29 -0.47 -0.14
oCT 3.16 0.14 0.012 3.28 -0.28 0.03
NOV 4.54 0.17 0.042 4.49 -0.16 0.18
DEC 4.15 0.93 1.584 1.37 0.26 1.36
total 52.98 8.07 18.09 27.86 -1.04 9.03
% 100.00 15.23 34.15 52.58 -1.96 17.04

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge

Precipitation =~ Baseflow  Storm Runoff ET AGWS R
2013 inches inches inches inches inches inches
JAN 4.18 0.94 1.475 1.50 0.26 1.37
FEB 2.73 1.09 1.358 0.11 0.16 1.42
MAR 3.11 0.88 1.622 0.34 0.27 1.32
APR 3.57 0.74 1.191 1.66 -0.02 0.89
MAY 3.95 0.55 0.759 2.71 -0.07 0.65
JUN 8.14 1.09 2.576 4.58 -0.10 1.15
JUL 9.37 0.67 2.213 6.52 -0.03 0.80
AUG 6.29 0.58 0.761 5.17 -0.23 0.52
SEP 2.60 0.47 0.587 1.55 -0.01 0.63
oCT 1.69 0.25 0.072 1.42 -0.06 0.36
NOV 2.77 0.23 0.265 2.56 -0.29 0.11
DEC 4.74 1.03 2.140 1.18 0.38 1.58
total 53.11 8.53 15.02 29.30 0.26 10.79
% P 100.00 16.06 28.28 55.17 0.49 20.31

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P=SF+ET+AGWS aquifer budget: R =BF + AGWS + GWET
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Background

* The Bridgeton, Nockamixon, Tinicum Groundwater Management
Committee was formed in 2000 as an inter-municipal advisory
committee to support the townships in a continued effort to
provide a reliable safe, and adequate water supply to its
residents. Our activities include conducting scientific studies,
regulatory reviews, and educational programs.

* Our website, https://bntgroundwater.org/, serves as a platform to
educate the public about our scientific studies.
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Where are we located?

Three townships in Upper Bucks County

Plumstead

Hew Britain

Doylestown

Buckingham

Warwick





Local Geology
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Groundwater Monitoring Network






Network Well Locations

Continuous Monitored (9)

Alexandria

i
Frenchtown
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3 Nockamixon SWL (16)

. Blue

Tinicum SWL (11)
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Equipment

* Continuous Monitoring (every 30 minutes)

Global Water's WL400 Water Level Eno Scientific Well Watch 670 Level Sensor
Sensor
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Equipment (cont.)






Groundwater Monitoring (CMN)

Figure 1 Seasonal Water Level Fluctuations measured at a BNTGMC well
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Groundwater Monitoring (CMN)

BNT Grounduater Monitoring Project
B 40 22,8N 75 5.9W
Tuin Silo Rd Well
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Groundwater Monitoring (SWL)

Center Hill

®* Drought Year






Groundwater Level Drought Effect
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Local Hydrologic Status (Drought Monitor)

* Mirrors PaDEP Drought Watch but uses local data from our
monitoring well network






Local Hydrologic Status (3/13/2025)

Precipitation — look at 90-
day and 365-day avg.

streamflow

soil moisture





Rainfall: 365-day average

Bucks County 365-day Precipitation Indicator
Derived from long-term PRISM gridded data. Plot generated: 2025-03-13
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Water Quality — Data Sources

e USGS studies in Northern Bucks County (USGS 94 and 2006)
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In cooperation with the U.S. Environmental Protection Agency
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Water Quality Results

e Contaminants of concern

* Bacteria —improper well construction, failing septic systems

* the Penn State Lab reported 14 detections out of 56 samples
(25%) for Total Coliforms and 5 detections out of 56 samples
(8.9%) for E. Coli.

* The BCDH data shows 24 detections out of 139 samples (17.3%)
for Total Coliforms and 5 detections out of 78 samples (6.4%) for
E. Coli.

* Arsenic — naturally occurring





Arsenic (BCDH, USGS 94)

Arsenic - naturally occuring

38 of the 144 samples (26.4%) exceeded

10 pg/l MCL Maximum Contaminant Level
Drinking Water Standard

| In 2006, the EPA reduced the MCL of arsenic in
public water systems to 10 pg/L, from 50 pg/L

@ 20-40 pg/L © 10-20 pg/L

@) not detected

< 10-pg/L

©  Brunswick ©  Alluvium

e Diabase e Lockatong

Link- Arsenic - Google My Maps






Water Quality Results (cont.)

* VOCs






# pennsylvania
é DEPARTMENT OF ENVIRONMEMNTAL
PROTECTION

VOCs

Nockamixon HSCA Site

All areas are approximate
representations only.

Legend
A Monitoring Well

TCE MCL =5 ug/l

. Private Well

Maxamum TCE Concentration
MNon-Detect
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5—100 ug/L
100 - 1000 ugL
> 1000 ug'L

00O

Lipdated September 2023
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Water Quality Results (cont.)

* Nitrates






PFAS and Pharmaceutical/Personal Care Products (PPCPs)

* Township residents participated in Penn State Extension’s private well-testing
program.

* PFOS and PFOA detected - no local industry;
* PFOS-2.7 ng/L (ppt) (LOQ 1.5 ng/L)
 PFOA detected but <LOQ (2.4 ng/L)
e Other PFAS detected but <LOQ (0.98 - 3.03 ng/L)

* published literature implicating personal use of home products and
septic systems

e Studies in Wisconsin, West Virginia, Pennsylvania, North Carolina, Michigan
New Hampshire

 PPCPs detected but <LOQ (0.4-1.0 ng/L)

* Pesticides detected and >LOQ- adjacent to farmer’s field





Water Quality Results (cont.)

*pH->7.0






Groundwater Ordinance

* 20+ years of well monitoring data used

* Wells tapped into the underlying fractured rock aquifer system are of
limited capacity because of the resistance to flow and low storage
characteristics of the fractured rock crevices.

* The requirement that additional groundwater withdrawals be
sustainable poses a challenge for devising a water-use Ordinance.

* Ordinance specifications should not be overly conservative to
needlessly prohibit desirable and sustainable development.





Groundwater Ordinance (cont.)

* Conversely an Ordinance needs to protect the interests of:
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Key Considerations in the GW Ordinance

* Aquifer pump test
» 2 ft. drawdown criteria for neighboring well






Groundwater Ordinance - 2 ft. drawdown

applicant

Water table
Wi






What’s in the Future?

* Expand GW monitoring well network

* Public outreach through the township newsletter

* Continue educational seminars at local high school

* Participation in local events like Earth Day, Community Day
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Conductivity

Conductivity is a measure of the resistance of an aquifer to flow. Higher conductivity implies less
energy is expended to move groundwater than lower conductivity. For example, the
conductivity of a sandy alluvial aquifer is higher than that of a fractured rock aquifer. Darcy’s
Law is the basic equation relating conductivity, flow, and energy: flow = conductivity x energy
gradient.

Conductivity is determined by experiment, measuring flow and energy gradient, and backing
out the conductivity value. Pumping a well at a known rate and measuring drawdown is an
experiment commonly referred to as an aquifer, well, or pump test.

Test Data

Applicants for drilling new wells and making modifications such as well deepening are required
to submit well testing data to the Bucks County Department of Health (BCDH).
http://bntgroundwater.org/the-data/ This data includes well location, drawdown measured at
the well, pumping rate, well depth, and casing depth. This data is applied to calculate
conductivity at each well location. This report is a summary of the conductivity estimates and
the calculation method.

Data was obtained in response to a Right to Know request. The BCDH released permit-related
pdf files (Phil Smith, Director Environmental Health Bureau BCDH, personal communication,
12/14/2023). Usable data from the permit applications (2007 to 2023) was available for 90 well
locations (Bridgeton-19, Nockamixon-41, and Tinicum-30). Figure 1 is a map of the 90 well
locations and hydrologic unit; 3 wells are situated in alluvium, 62 wells in the Brunswick
Formation, and 25 wells in diabase.

The BCDH database is a valuable resource for understanding the hydrogeology of northern
Bucks County. Such data acquisition is expensive. Groundwater quality based on BCHD records
has been reported - https://bntgroundwater.org/2024/03/09/water-quality-data/

Figure 1 Map of Well Locations and Hydrologic Unit
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Results

Conductivity was calculated by two methods, (1) assuming a confined aquifer and (2) an
unconfined aquifer. Figures 2a and 2b are graphs of the conductivity distribution calculated for
the two methods described in the Appendix. The boxes mark the middle 50% of the calculated
conductivity values (25% to 75% percentile). The line within a box is the median value. The top
and bottom of the whiskers mark maximum and minimum values.

Figure 2a Conductivity — Unconfined Aquifer Model

2





> 2
3+ ——
g 1
E
£ o0
2
— -1
Z
5 -2
E 1
-3 L
-4
M Alluvium M Brunswick M Diabase
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Table 1 is a summary of the values plotted in Figures 1,2,3. As expected, conductivity varies by
orders of magnitude. Figure 3 provides a comparison of the range of values determined in this
study to reference formations. Data for each of the 90 well sites and calculations are in the
Appendix.

Table 1 Summary of Conductivity Values





Alluvium N=3 Ku (m/day) log(Ku) Kc (m/day) log(Kc)
median 5.9 0.77 34 0.53
25% 4.4 0.64 2.7 0.43
75% 12.1 1.08 3.0 0.47
min 2.8 0.44 2.1 0.32
max 18.2 1.26 4.4 0.65
Brunswick N=62 Ku (m/day) log(Ku) Kc (m/day) log(Kc)
median 0.43 -0.36 0.14 -0.84
25% 0.13 -0.90 0.05 -1.30
75% 3.7 0.57 0.10 -1.01
min 0.003 -2.52 0.003 -2.50
max 538.5 2.73 32.8 1.52
Diabase N=25 Ku (m/day) log(Ku) Kc (m/day) log(Kc)
median 0.07 -1.14 0.04 -1.44
25% 0.02 -1.70 0.01 -2.11
75% 0.36 -0.45 0.01 -2.00
min 0.001 -3.06 0.001 -3.15
max 29.5 1.47 7.8 0.89
Figure 3 - Conductivity Compared to Reference Values
(Base diagram from Freeze and Cherry, 1979)
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As illustrated in Figure 3, a large variability in conductivity between well locations is expected
for fractured rock aquifers. For example, for the Brunswick Formation underlying most of the
region, the 25™ and 75 percentiles differ by a factor of 28 = 3.7/0.13. From a citizen's
perspective, the luck of the draw determines the cost of installing and operating their well.

Appendix — Calculations and Input Data

The conductivity calculations are based on versions of the Theim Equation which assumes
steady radial flow to a well. The unconfined version is:

Q

K, =——s—r1

where K, is conductivity (ft/day), Q is the pumping rate (ft3/day), hzand h; are heads (ft) at a
distance rzand r2 (ft) from the well, respectively. For this application, it is assumed heads are
measured with the bottom of the well as the datum (h=0). Since the data provided is for single
well tests, r; is assumed to be the well radius (3 inches = 0.25 ft) and h; is the head measured at
the well at the end of the pumping test. The distance r> must be assumed as there are no
observation wells. Here r, = 20 ft is assumed for all calculations and h; is assigned to be the
static water level measured at the well before pumping begins. h; = h, —drawdown. The
confined version is:

Q

K=—%t
°~ 2n(hy, — hy)d

In(r,/m1)

where d is the aquifer thickness (ft) assumed to be well depth - casing depth. Table Al is a
summary of the calculations and input data for each well.

Table A1 Summary of Conductivity Calculations and Model Input





well ID
BDG 1
TIN 51
TIN 50
TIN 18
BDG 21
TIN 52
BDG 17
BDG 22
BDG 2
TIN 44
TIN 34
TIN 15
BDG 23
TIN 42
NOX 2
NOX 41
NOX 7
TIN 11
BDG 28
NOX 14
TIN 33
NOX 35
NOX 56
NOX 16
NOX 5
TIN 36
TIN 29
NOX 8
TIN 13
TIN 16
BDG 16
TIN 09
TIN 27
NOX 12
TIN 20
TIN 21
BDG 24
NOX 55
NOX 54
TIN 01
TIN 05
TIN 19
NOX 58
NOX 43
NOX 51
TIN 30
TIN 35
NOX 42
NOX 11
TIN 24
BDG 7
TIN 23
TIN 10
NOX 33
NOX 10
TIN 08
TIN 07
NOX 50
NOX 32
NOX 3
NOX 57
NOX 9
NOX 29
NOX 52
NOX 1
BDG 12
NOX 38
NOX 19
NOX 40
BDG 10
NOX 59
BDG 25
BDG 27
TIN 04
NOX 23
TIN 3
NOX 17
BDG 20
NOX 39
BDG 15
NOX 24
BDG 29
NOX 60
NOX 22
BDG 8
NOX 28
NOX 06
BDG 09
NOX 26
NOX 27

Ku
unconfined
m/day
2.78
5.95
18.19
0.021
0.045
0.057
0.127
0.151
2.63
0.003
0.006
0.008
0.010
0.020
0.029
0.056
0.061
0.067
0.114
0.115
0.121
0.128
0.140
0.147
0.158
0.171
0.191
0.213
0.219
0.232
0.253
0.261
0.265
0.321
0.412
0.452
0.602
0.669
0.764
1.08
1.32
1.39
1.72
1.83
1.85
2.17
2.73
3.20
3.45
3.81
3.97
4.58
4.72
4.90
4.98
5.11
7.08
12.21
19.75
29.04
44.93
108.02
153.99
212.46
538.54
0.001
0.002
0.004
0.009
0.009
0.009
0.020
0.026
0.042
0.044
0.049
0.056
0.073
0.121
0.139
0.230
0.328
0.331
0.357
0.430
0.498
0.795
3.28
5.93
29.48

log(Ku)

0.44

0.77

1.26
-1.68
-1.35
-1.24
-0.90
-0.82

0.42
-2.52
-2.23
-2.07
-2.02
-1.71

0.54
0.58
0.60
0.66
0.67
0.69
0.70
0.71
0.85
1.09
1.30
1.46
1.65
2.03
2.19
2.33

-0.37
-0.30
-0.10
0.52
0.77
1.47

Kc

confined

m/day

all values determined for r2=20 feet

2.07

3.36

4.45
0.023
0.048
0.058
0.111
0.106

1.94
0.003
0.005
0.005
0.005
0.007
0.025
0.022
0.042
0.036
0.055
0.041
0.117
0.015
0.264
0.297
0.100
0.084
0.045
0.007
0.100
0.095
0.171
0.131
0.147
0.116
0.341
0.402
0.424
0.260
0.225

0.10

0.39

1.06

0.68

1.25

0.44

0.03
11.37

0.14

0.51

3.31

1.91

2.72

0.63

0.06

0.24

0.10

1.09

4.07

6.72

1.26
16.15
16.19
32.85
11.16
15.63
0.001
0.001
0.002
0.006
0.007
0.007
0.008
0.009
0.024
0.012
0.025
0.008
0.036
0.050
0.112
0.081
0.076
0.037
0.147
0.285
0.141
0.129

3.17

0.17

7.83

log(Kc)

0.32

0.53

0.65
-1.64
-1.32
-1.24
-0.95
-0.98

0.29
-2.50
-2.31
-2.29
-2.31
-2.14
-1.60
-1.65
-1.37
-1.44
-1.26
-1.39
-0.93
-1.82
-0.58
-0.53
-1.00
-1.07
-1.34
-2.14
-1.00
-1.02
-0.77
-0.88
-0.83
-0.94
-0.47
-0.40
-0.37
-0.58
-0.65
-1.02
-0.41

0.03
-0.17

0.10
-0.36
-1.52

1.06
-0.85
-0.29

0.52

0.28

0.43
-0.20
-1.19
-0.62
-1.01

0.04

0.61

0.83

0.10

1.21

1.21

1.52

1.05

1.19
-3.15
-2.88
-2.73
-2.23
-2.17
-2.14
-2.09
-2.05
-1.61
-1.93
-1.60
-2.11

-1.30
-0.95
-1.09
-1.12

-0.83
-0.54
-0.85
-0.89

0.50
-0.78

0.89

latitude
40.5633
40.4617
40.5486
40.4912
40.5657
40.4756
40.5623
40.5717
40.5703
40.4639
40.4792
40.4431
40.5628
40.4613
40.5016
40.4988
40.5562
40.4708
40.5485
40.5278
40.4242
40.4990
40.5118
40.5178
40.5027
40.4603
40.4603
40.5251
40.4662
40.5009
40.5676
40.4675
40.5029
40.5215
40.4976
40.4981
40.5663
40.4828
40.4810
40.5016
40.4909
40.4985
40.4828
40.4754
40.4791
40.4489
40.4857
40.4978
40.5192
40.4996
40.5650
40.4970
40.4684
40.5019
40.5183
40.4662
40.4621
40.4780
40.5217
40.5084
40.4798
40.5181
40.5215
40.4785
40.5216
40.5492
40.5122
40.5484
40.5068
40.5432
40.5462
40.5485
40.5371
40.5022
40.5268
40.5019
40.5384
40.5399
40.5130
40.5575
40.5189
40.5516
40.5395
40.5348
40.5546
40.5232
40.5531
40.5550
40.5282
40.5289

longitude
-75.0971
-75.0720
-75.0823
-75.0694
-75.1010
-75.0720
-75.0967
-75.1150
-75.1124
-75.1291
-75.0801
-75.1108
-75.1113
-75.1074
-75.1894
-75.1518
-75.1880
-75.1671
-75.1325
-75.1934
-75.0656
-75.1793
-75.2256
-75.2277
-75.2018
-75.1138
-75.1554
-75.1892
-75.0931
-75.0721
-75.1409
-75.1513
-75.0891
-75.1946
-75.0817
-75.0811
-75.1445
-75.1719
-75.1713
-75.1739
-75.1474
-75.0846
-75.1718
-75.1698
-75.1752
-75.1725
-75.0705
-75.1541
-75.1949
-75.0789
-75.1445
-75.0819
-75.1639
-75.1744
-75.1943
-75.1464
-75.1478
-75.1734
-75.1837
-75.1986
-75.1735
-75.1922
-75.1846
-75.1751
-75.1846
-75.1326
-75.1351
-75.1385
-75.1357
-75.1340
-75.1379
-75.1213
-75.1291
-75.1315
-75.1451
-75.1124
-75.1541
-75.1174
-75.1205
-75.1407
-75.1478
-75.1309
-75.1565
-75.1279
-75.1120
-75.1562
-75.1625
-75.1143
-75.1367
-75.1515

land

elevationft well depth ft

241

542

casing depth

ft

82
a4
58
50
85
40
60
42
42
59
60
38
40
48.5
50
38.5
41
60
40
40
60
40
40
57
62
50
60
40
40
40.5
40
40
42
40.5
60
60.5
42.5
38.5
48.5
42
60.5
60.5
41

8258

40
40
42.5
42
42
61
40.5
40
39.5
40.5
39.5
42
42

40
42
52.5
42

42
42

60
50
39
40

42
61
42

50.5
39
33

38.5

40
55
40
63
40.5
42.5
42

depth-
casing ft

58

76

92

185

315

680

180

158

420

420

red font - not available on drillers report - assumed
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110
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67
42
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115.8
90
68
75
183

drawdown
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8.5
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27
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Groundwater Interaction with the Delaware River in
Bridgeton, Nockamixon, and Tinicum Townships

Arthur L. Baehr
April 26,2024

A Riverside Community

Bridgeton, Nockamixon, and Tinicum Townships (BNT) in northern Bucks County border the
Delaware River for about 18 miles (Figure 1). Some 300 residents obtain water from
approximately 90 private wells situated in alluvium adjacent to the River. This narrow aquifer is
bounded by steep ridges located 2000 to 3000 feet from the River. The Delaware Canal runs just
east of the ridges. Well locations were obtained from records of the Pennsylvania Department of
Environmental Protection.

https://www.dcnr.pa.gov/Conservation/Water/Groundwater/PAGroundwaterInformationSystem /Pages/default.aspx

Figure 1 Locations of Riverside Wells
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This ribbon of land is susceptible to flooding (https://msc.fema.gov/portal/home). Elevated levels

of the River, Canal and tributary streams running down ridge slopes during storms may introduce
surface water to the aquifer due to localized recharge. Flood water may also infiltrate well heads,

either through the well cap or the well annulus.

Another pathway for surface water to enter the aquifer is by influent flow. During storms River
levels can sufficiently rise to temporarily reverse flow into the aquifer (Figure 2). The duration and

extent of storm-induced influent flow may affect aquifer water quality.

Figure 2 Influent Flow
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River water quality data may be useful to assess the effect of influent flow on groundwater quality.
Man-made compounds such as VOCs, pesticides, PFAS, and pharmaceuticals may enter the aquifer
via influent flow and flooding. The detection of such compounds in groundwater may not be due to

local land use.

River water quality is integrative, as such it is reflective of land use within this large watershed. For
example, in a study conducted by USGS and PADEP, PFAS- related compounds were not detected in
the Upper Delaware watershed in upstate New York. Concentrations, however, increased as the
river flows south and reaches more industrial and urban sections of Pennsylvania and New Jersey
(Breitmeyer et al, 2023; Granieri, 2023). The Delaware River Basin Commission has also reported
PFAS-related concentrations on the Delaware River and tributaries (Conkle and Landon, 2023,

2024).

USGS maintains a gage at Frenchtown, NJ (Figure 1). The area of the watershed above Frenchtown
is 6,420 square miles. In addition to River elevation and discharge, dissolved oxygen, nitrate, pH,
specific conductance, and temperature data are available.

https://waterdata.usgs.gov/nwis /uv?site no=01458500&legacy=1

River - Aquifer Interaction
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Groundwater levels have been recorded at a well in Tinicum Township, PA since 10/26/2023. The
well is about 0.5 miles downstream from Frenchtown NJ and estimated to be 964 feet inland from
the River. The distance from the ridge to River at this well location is estimated to be 2624 feet

which is the lateral extent of the surficial alluvial aquifer.

Figure 3 is a graph comparing the daily maximum water levels of the River at Frenchtown to the
maximum daily groundwater levels at the well. On four occasions: 12/12/2023,12/18/2023 to
12/20/2023,1/10/2024, and 3/10/2024 to 3/11/2024, the River level exceeded the groundwater
level resulting in influent flow conditions. Rainfall associated with these occasions measured at
Palisades High School (9 miles west of Frenchtown, NJ) were 2.0, 3.2, 3.0, and 0.02 inches
respectively. The 0.02-inch event indicates precipitation over the watershed upstream from
Frenchtown and routing time needs to be considered to anticipate influent flow conditions based
on precipitation. In 2023, at Palisades High School, 13 storms exceeded 1 inch of precipitation. Of
these 13 storms, 4 exceeded 2 inches, and 2 exceeded 3 inches. During these events, influent
conditions may have existed. More groundwater level data will allow for determining the frequency

of influent conditions based on precipitation.

Groundwater levels were observed to rise and fall in response to the River level. Groundwater
levels fell from 1/15/2024 to 3/1/2024, a time of year during which groundwater levels are
expected to rise (in the absence of River influence). Maximum daily River and groundwater levels
between 10/26/2023 and 3/25/2024 are significantly correlated (correlation coefficient R = 0.67).
River-groundwater interaction, therefore, has been empirically demonstrated for this calibration

period.

Figure 3 Comparison of Groundwater and Delaware River Levels
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A model to scale influent flow

The extent influent flow penetrates the aquifer and the duration such conditions persist can be
estimated with groundwater flow modeling. Modeling also provides a method to predict the

frequency and significance of influent flow before and after the calibration period.

A groundwater flow model was applied at the section with the well (Figure 4). The ridge is the
inland extent of the aquifer. River elevations measured at Frenchtown, N] define the time-

dependent boundary condition. Model equations and calibration are presented in the Appendix.

Figure 4 Groundwater Flow Model Section
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Frequency and duration of influent flow conditions

The calibrated model was applied to predict the frequency and duration of influent flow incidents.

Groundwater flow was simulated for 5 years from 4/1/2019 to 4/1/2024.

Figure 5 is a graph of influent flows achieved at the River during this period. Only negative flow
values are plotted to highlight influent flow frequency and duration. The thicker the bar, the longer
the duration of an incident defined as consecutive days of influent flow associated with a storm
event. Over 1828 days (5 years), influent conditions were predicted for 157 days (8.6%) with 88
separate incidents. The average incident duration was 1.8 (157/88) days. The average magnitude
of influent flows is 8.26 ft2/day which for a 1-mile width along the River is equal to 43602 ft3/day
(326,186 gal/day).

Figure 5 Influent Flows at the River x=L
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Influent flow attenuates with distance from the River. To illustrate, Figure 6 is a graph of influent
flows predicted from 4/1/2019 to 4/1/2024 at the well located 964 feet from the River. This

distance is representative of the distance inland where other wells in the Riverside community are





located. Over 1828 days (5 years), influent conditions were predicted for 20 days (1.1%) with 8
separate incidents. The average incident duration was 2.5 (20/8) days. The average magnitude of
influent flows is 1.04 ft2/day which for a 1-mile width along the River is equal to 5501 ft3/day
(41,152 gal/day).

Figure 6 Influent flows at a well 964 feet from the River
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Hydrographs for Hurricane Ida

On September 1, 2021, the remnants of Hurricane Ida passed through the region and dumped 7.6
inches of rain at Palisades High School. Figure 7 is the hydrograph of the Delaware River at
Frenchtown for this event. The River rose 12.2 feet from 8/31 to 9/2.

Inland, 964 feet from the River, the model predicted influent flow persisted for 3 days, 9/2 to 9/5

(Figure 8). The groundwater level was predicted to rise 2.7 feet from 8/31 to 9/4 (Figure 9).





Figure 7 Hydrograph Delaware River at Frenchtown NJ Hurricane Ida
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Figure 8 Predicted Groundwater Flow 964 feet from the Delaware River Hurricane Ida
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Figure 9 Predicted Groundwater level 964 feet from the Delaware River Hurricane Ida
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Summary and recommendations

1. An estimated 300 residents of Bridgeton, Nockamixon, and Tinicum Townships obtain water

from approximately 90 private wells situated in alluvium adjacent to the Delaware River.

2. Flooding and influent flow induced by the River rising during storms can introduce surface water

to the aquifer.
3. Surface water quality is reflective of land use within this large 6,420 square watershed.

4. Groundwater levels measured at a well located 964 feet from the River are correlated with River

levels.

5. A groundwater flow model was applied to predict the frequency and extent of influent flow

conditions that persist in the aquifer.

6. Over 5 years (April 2019 to April 2024) influent conditions were predicted to extend 964 feet

into the aquifer on 8 occasions. The average duration was predicted to be 2.5 days.

7. Hurricane Ida dumped 7.6 inches of rain on 9/1/2021. The River rose 12.2 feet from 8/31 to 9/2.
The groundwater level was predicted to rise 2.7 feet and influent flow persisted for 3 days 964 feet

inland from the River.





8. Residents are advised to supplement regular water quality testing by adding VOCs, pesticides,
PFAS, and pharmaceuticals to their schedules at least once. These man-made compounds may enter

the aquifer via influent flow and flooding.

9. Suggestions for further work include: adding wells to the network, water testing to pursue the

relation (if any) between surface and groundwater quality.

10. Additional groundwater flow modeling (MODFLOW) using a higher dimensional description of
the aquifer can be pursued if data recorded at other well locations are available. Such an extended
modeling effort would incorporate recharge variation as the effect of influent flow would be more

pronounced during warmer months when recharge is lower.
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Appendix
A scaling model

The model presented below provides a first approximation or scaling of the relevance of influent
conditions for this alluvial surficial aquifer (Bear, 1979):

oh 2 oh
(PDE) Syaza[K(h—b)£]+R 0<x<L t>0 (0
(BCs) g—l; =0 x=0 (watershed divide) h = h; (t) x = L (River elevation)



https://www.sciencedirect.com/science/article/pii/S0048969723027821?via%3Dihub

https://delawarecurrents.org/2023/11/15/delaware-river-pfas/



where:

h is head (groundwater level) ft above datum
b is elevation of base of aquifer ft above datum
Sy is specific yield (effective porosity or storage coefficient) unitless

K is conductivity ft/day

R recharge (positive downward) ft/day

To obtain an initial condition (IC), the steady state solution to (1), known as the Dupuit

Forcheimer equation is used:
R
h3(x) = — = [x* — 12]+ h} @)

where hyis a representative River elevation value. As simulation time proceeds, the initial

condition assumption (2) becomes less consequential.

Given the solution to equation (1), flow, q(x,t) is calculated applying Darcy’s Law:
dh
(1) = —KI (h—b) ©)

The units for q(x,t) are ft2/day, therefore, q(x,t) is the time-dependent flow over the aquifer depth
per unit width. In particular, q(L,t) is the time-dependent flow over the aquifer depth at the
River/groundwater interface. A finite difference solution to the model equations was implemented
with a FORTRAN program (Baehr 2004). The program allows for the input of time-dependent
hydrograph data for hy, (t). Recharge R and conductivity K can also be variable.

Calibration to Estimate K

Conductivity A must be estimated to apply the model to this setting. The Dupuit Forcheimer

equation (2) is rearranged:

R _ hf-h}
K~ x2-12

(4)

Values assumed are: A,=107.1 ft and hp=110.7 ft above the base of the aquifer located 5 ft
below sea level, therefore, b=-5. The bottom of the well is 125 ft below land surface which is 120 ft

above sea level. The well is assumed to be drilled to the top of the rock underlying the alluvium. The





values selected for Az and /v are the average maximum daily water levels for the Delaware River
and groundwater at the well over the calibration period from 10/26/2023 to 3/12/2024. The
distance from the ridge to River is L=2624 ft. The well location is x=1640 ft, the distance from the

ridge. The well is 984 ft from the River. Applying (4), estimates of X for assumed Rvalues are:

Rft/yr. K ft/yr. K meters/day
1.0 5351 4.5
0.75 4013 3.4
0.50 2676 2.2

These are reasonable estimates for alluvium considering the following reference values:

|
’ ‘ | ¥ |
il

Glacjal till
y

@)
Q
—

| | } Illractqred asa
Limestorlle, dplom te

| Sal;ldstqne : : ‘

Igneous, met@morrhic {ock

K(cm/s) 10-12  10-12  10-10 108 106 104 102 1 102
K (m/day) 10-10 108 106 104 102 1 102 104

From Freeze and Cherry (1979) ISBN: 0-13-365312-9

Pump Test to Estimate K

A single-well pump test was conducted at the well on 3/26/2024. The Theim Equation for a

surficial aquifer is:

Q
K = mln(rz/q) (5)





where K is conductivity (ft/min), Qis withdrawal rate (ft3/min), /A2 is the head (i.e. elevation of the
water table) at a distance rz from the well, /; is the steady head at the well of diameter r;.
Drawdown then is 42 - ;. Values are: Q= 0.954 ft3/min (5 gallons per minute), r;= 0.25 ft,
h;=111.58 ft, h>=112.25 ft. For a single-well pump test, the distance r> must be assumed.

Estimates for K given r; are:

I ft  Kft/min K meters/day

10 7.5E-03 3.3
20 8.9E-03 3.9
30 9.7E-03 4.3

These estimates are comparable to those determined with the Dupuit-Forcheimer equation (4).

Time Dependent Calibration

Model calibration includes selecting 5, to match the time series data of the calibration period.
Referring to the discussion above, A=3.0 meters/day (9.84 ft/day) is selected. Given K, S, =0.01
(dimensionless) provided a good fit to the groundwater level data recorded at the well (Figure A1).
The fit improves for later times as the effect of the assumed initial condition diminishes. In

summary, the values K=9.84 ft/day, S, =0.01, and R =0.75 ft/yr. were selected.

Figure A1 Model Calibration
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Baehr, A. L., 2004 Unpublished FORTRAN program. In 2014, Stacy Montesor a student at Stockton
University, NJ updated the code.
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Groundwater Stewardship

Bridgeton, Nockamixon, and Tinicum Townships

Session 1 Monday 4/8/2024
Introduction to BNTGMC and ECO-Bucks and Water Quality Testing

Recorded:
https://www.youtube.com/channel/UChZcl_VtyGRWqGCCUNhILVA





Bridgeton Nockamixon Tinicum Groundwater Management Committee
BNTGMC - appointed by Township Supervisors

"The BNTGC was created as a joint venture to
provide a reliable, safe and adequate water supply
to its residents through scientific studies,
regulatory review, and educational programs.* -
Tinicum Twp. website

Bill Ballantine - Eco-Bucks

)

Mary Lennon

Todd Stone

Data Collection

Tom Eckhoff
Riley Murphy
Karl Young

Carrie Manfrino

Stephen Donovan Art Baehr
Hydrology Consultant

The Data « BNTGMC (bntgroundwater.org)
Eco-Bucks (ecobucks.org)

Links -




http://bntgroundwater.org/the-data/

https://ecobucks.org/



BNTGMC Activity

Ordinance development and advocacy
Groundwater level monitoring *
Water testing education
Drought monitor

Hydrologic cycle timeline

PHS weather station

Annual Report
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But...

Why should | get my well water tested ?
How do |l testit?

Certified labs ?

How much will a test cost ?

What will a report look like ?

Who can help ?

Sharing and confidentiality





« Half of the private water wells that have been tested in

PA have at least one water quality problem.

o Only half of PA private wells have ever been tested

o Itis fair to assume these statistics applies to BNT.

Links -
Drinking Water Testing — Agricultural Analytical Services Lab — Penn State College of Agricultural Sciences (psu.edu)




https://agsci.psu.edu/aasl/water-testing/drinking-water-testing



EPA recommends testing every year for:
. total coliform bacteria
. hitrates

. total dissolved solids

. pH levels $$$ Cost $70 plus $50 shipping
PSU lab

This applies to BNT due to septic tank
prevalence, agriculture and older wells.

Link - Elikic=
. Drinking Water Testing — Agricultural Analytical Services
EPA Home Water Testi Ng Facts Lab — Penn State College of Agricultural Sciences (psu.edu)




https://www.epa.gov/sites/default/files/2015-11/documents/2005_09_14_faq_fs_homewatertesting.pdf

https://agsci.psu.edu/aasl/water-testing/drinking-water-testing

https://agsci.psu.edu/aasl/water-testing/drinking-water-testing



How to collect a sample?
Source vs Tap Water?

Self or professional?

Lab decisions?
(analogous to bloodwork)

Check out this 1 hour video introducing the PSU lab service -
@ Link - Drinking Water Testing — Agricultural Analytical Services
Lab — Penn State College of Agricultural Sciences (psu.edu)




https://agsci.psu.edu/aasl/water-testing/drinking-water-testing

https://agsci.psu.edu/aasl/water-testing/drinking-water-testing



PSU Test Kit

Check out this 13 minute video explain how to take and ship water samples to PSU

Link - How To Use the Penn State Drinking Water Test Kit (psu.edu)




https://extension.psu.edu/how-to-use-the-penn-state-drinking-water-test-kit



PennState

College of Agricultural Sciences

WDO1 Standard Basic tests for which drinking Total coliform bacteria, E. coli $60.00
water samples should be bacteria, pH, and total dissolved
routinely tested solids

add nitrate for $10 add arsenic for $30

WDO8 Extensive Includes a combination of the Total coliform bacteria, E. coli $220.00
most tests offered by the lab for bacteria, pH, total dissolved solids,
customers interested in a more hardness, alkalinity, corrosivity,
comprehensive analysis of their arsenic, barium, copper (first draw
drinking water and running water), iron, lead (first

draw and running water),
manganese, sodium, chloride,
sulfate, and nitrate-nitrogen

Link - Drinking Water Testing — Agricultural Analytical Services Lab

— Penn State College of Agricultural Sciences (psu.edu




https://agsci.psu.edu/aasl/water-testing/drinking-water-testing

https://agsci.psu.edu/aasl/water-testing/drinking-water-testing



LAB ID SAMPLE ID REPORT DATE | DATE SAMPLED | DATE RECEIVED SAMPLE TYPE: COUNTY
W3i0037 8/3/2023 7/24/2023 77252023 Drinking Water Bucks
WATER ANALYSIS
Penn State Extension
: i Your Test Drinking Water Standard'
Analysis Units
ys Results Standard Type
Total Coliform Bacteria MPN“per 100 mL None detegteJ 0 Health
E. coli Bacteria MPNZper 100 mL None detected 0 Health
Nitrate as N mgy/L 25 10 Health
Copper (Cu), first draw mgy/L 0.07 10,13 Aesthetics, Health
Lead (Pb), first draw mg/L <(.003 0.015 Health
Arsenic (As) mgy/L <(0.003 0.010 Health
Barium (Ba) mg/L 0.052 2 Health
Manganese (Mn) mg/L <0.01 0.05 Aesthetics
Sodium (Na) mg/L 15.10 - -






Expensive Analysis
$300 - $600 each

VOCs

- Hydrocarons eg. BTEX

- Chlorinated Hydrocarbons
PFAS Compounds

Pesticides

Pharmaceuticals

Additional tiers add expense
(analogous to bloodwork)
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SOURCES

NON-STICK
COOKWARE

FIREFIGHTING
FOAMS
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PRODUCT

©

FAST FOOD
PACKAGING






Lab use frequency 2013 to 2023
Bucks County Department of Health
BCDH - Well Permits - BNT

25 -
Penn State N=56
2007 to 2023

existing wells
Z15 -
10 -

(™
oI I I H =

Analytical Suburban M.J. Reider Benchmark Microbac
labs Testing Labs Assoc. Analytics labs






e
V=

Laboratory Accreditation Program (pa.gov)

Analytical Laboratories, Inc M. J. Reider Associates Inc *
4208 Bethlehem Pike 107 Angelica Street

Telford, PA 18969 Reading, PA 19611-1999
(215) 723-6466 (610) 374-5129

Analytical Labratories, Inc, Home (analab.com) M.J. Reider | (mjreider.com)

Suburban Testing Laboratories, Inc. Agricultural Analytical Services Laboratory

1037F MacArthur Road 111 Ag Analytical Srvcs Lab

Reading, PA 19605 University Park, PA 16802

(610) 375-8378 (814) 863-0841

Homepage - Suburban Testing Labs Drinking Water Testing — Agricultural Analytical Services Lab — Penn

State College of Agricultural Sciences (psu.edu)




https://www.dep.pa.gov/Business/OtherPrograms/Labs/Pages/Laboratory-Accreditation-Program.aspx#.VmiK1_mrSM8

https://analab.com/

https://www.suburbantestinglabs.com/

https://mjreider.com/

https://agsci.psu.edu/aasl/water-testing/drinking-water-testing

https://agsci.psu.edu/aasl/water-testing/drinking-water-testing



What to expect ?






Total Coliform 20%

Fecal Coliform 7%

Corrosive 60%

Arsenic ...

Naturally occurring or man-made ?





n : AD: # @ Arsenic - naturally occuring

PURTEIE = ol Aot NG 38 of the 144 samples (26.4%) exceeded
Yof A “:"q 1 '(;:\ "".,’_ 10 pug/l MCL Maximum Contaminant Level
VEITT. G- Sl Yo © S s ) Drinking Water Standard
O. : .:ﬁ ‘. l;:'.}b"o ..'V :/::
)b 2 No -'.O,j;'.i‘.‘.» b D " O In 2006, the EPA reduced the MCL of arsenic in
3 -Q) o, T Q.-O.."".' ot public water systems to 10 pg/L, from 50 ug/L
2 o '.. "... .-’):D Oo )
/\O. § ". . .:’_!):.'. bl AR
Q.50 O 2 O Gno: @ 20-40 pg/L O 10-20 ug/L
b ‘ . . i)) O <10-pg/L O notdetected
(f({ PRl O
"'; ‘:b :. 3 '.:.. : T ©  Brunswick ©  Alluvium
: . LS . \ . Y Diabase () LOCkatong
O » :f\’ ) .O \ )‘ -
. . Q
: = ';° Link- Arsenic - Google My Maps




https://www.google.com/maps/d/edit?hl=en&mid=1VXqfRUiU8_WgiwLRUyWzTjoCxfdBr7s&ll=40.512907152878455%2C-75.20380835820097&z=12



%

55.5

[0,1]

Nitrate concentrations
N=128

MCL 10 mg/liter

22.7
I 14.1

5.5 T
- 0.8
L] - o
[1,2] [2,3] [3,4] [4,5] [5,6]

Nitrate concentration interval mg/liter

21.1% of the samples exceed 2 mg/liter





Nitrate occurs in precipitation at low levels
averaging 0.5 mg/L nadp.slh.wisc.edu

Concentrations exceeding

2 -3 mg/liter indicate a

terrestrial source such as fertilizers,
animal waste or septic effluent.

21.1% of the samples exceed 2 mg/liter

urine 40 mg/liter



https://nadp.slh.wisc.edu/



At least one VOC was detected in 21 groundwater samples from 124 wells (16.9%).

Total VOC concentrations

® greater than 10 pg/liter O between 1 and 10 pg/liter O less than 1 pg/liter

Link - n Boarhead and Ottsville sites
VOCs - Google My Maps




https://www.google.com/maps/d/edit?hl=en&mid=1NdbDSR8kR72Nh5zcPnhQRlZlcujjuqg&ll=40.53775249272175%2C-75.2031796859473&z=12



Report —
Water Quality Data - Bridgeton, Nockamixon, and
Tinicum Townships 1992-2023

Link- BNTGMC (bntgroundwater.org)




http://bntgroundwater.org/



EXISTING WELLS
Testing Recommendations

MCLs, (what to expect) At least once?
Every 1- 2 years Every 5 years?
(team up)
Microbes pH :
0 6.5-8.5 Ar::“:; p
(7.4-7.8)
(6 pg/l)
Nitrate total dissolved solids Rad:nc(.lz-door 10,
10 mg/L 500 mg/L P
(2 mg/L) (275 mg/l) VOCs
Pesticides
PFAS
Pharma.






NEW WELLS

Subject to BCDH and Local Ordinance Requirements

Total Coliform
Fecal Coliform

E. coli

k —d
k1

pH

Total Dissolved Solids
Hardness

Gross Alpha Particle Activity

Volatile Organic Compounds VOCs

for which maximum contaminant levels (MCLs)
have been established by federal and state law
VW

&

”~

Nitrate
Arsenic
Iron
Manganese
Lead
Copper
Mercury






MCL and Detection Limit

ParameLer METL ey /1) Regult (mas L]
Banzene [, (M5 < . 000%
Carbon Tetrachloride 0,005 < . 0005
1,2-Dichloroathene 0,005 < 0.000%
o-Dichlorobenzene 0.6 = 0.000%
para-Dichlorobenzens (.075 < 0. 0005
1,1-Dichloroethylensa 0,007 *ED D102 %
cie-1,2-Dichloroethylenes 0,0 = 0.0005
trans-1,2-Dichloroethylensa 0.1 = 0.0005
Dichloromethane 0.005 = 0.0005
1,2-Dichloropropane 0.005 < 0.0005
Ethylbenzene 0.7 < 00,0005
Monochlorobenzens 0n.1 < 0.0005
Styrene .1 < 0.0005%
Tetrachloroethylene 0.005 < 0.0005%
Toluenea 1.0 < 0.,000%
1,2,4-Trichlorobenzene 0.07 < 0.000%
1,1,1-Trichloroethane 0.2 0.0029
1,1,2-Trichloroethane 0.005 = 0.0005%
Trichlorosethylene 0005 *r(), D27 1**
Vinyl Chloride 0.002 < 0.0005
Total Xylenes 10.0 < 0.000%





Link -

Link -

Treatments

/ Methods to Remove Arsenic from Drinking
Water - Water Treatment (purewaterblog.com)

Predicting How Effective Water Filters are at
Removing a Variety of PFAS | US EPA

AAAAAAAA




https://purewaterblog.com/7-methods-to-remove-arsenic-from-drinking-water/#:~:text=How%20to%20Remove%20Arsenic%20from%20Drinking%20Water%201,...%207%207%20%E2%80%93%20Oxidation%20with%20filtration%20

https://purewaterblog.com/7-methods-to-remove-arsenic-from-drinking-water/#:~:text=How%20to%20Remove%20Arsenic%20from%20Drinking%20Water%201,...%207%207%20%E2%80%93%20Oxidation%20with%20filtration%20

https://www.epa.gov/sciencematters/predicting-how-effective-water-filters-are-removing-variety-pfas

https://www.epa.gov/sciencematters/predicting-how-effective-water-filters-are-removing-variety-pfas



Share? Confidentiality
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also submit via email artbaehr@comecast.net
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Presentation 2 4-22-2024.pdf
Groundwater Stewardship

Bridgeton, Nockamixon, and Tinicum Townships

Session 2 Monday 4/22/2024
Groundwater Withdrawal Ordinance and Monitoring Activities of the BNTGMC

recorded:
https://youtu.be/gsij24wCIMO0O





WHY AN ORDINANCE?

Protect new well applicants

Protect neighbors water supply *

Water Quality
Septic Placement
Ecology - Baseflow in streams

Potential Litigation

* put | already have a well





PA Municipal Planning Code (MPC) requires municipalities
adopt a Comprehensive Plan that among other things
addresses water supply.

Link -
https://www.legis.state.pa.us/cfdocs/legis/LI/uconsCheck.cfm?txtType=H

TM&yr=1968&sessInd=0&smthlLwind=0&act=247&chpt=3

e.g. Tinicum TinicumTownshipComprehensivePlan2015.pdf




https://www.legis.state.pa.us/cfdocs/legis/LI/uconsCheck.cfm?txtType=HTM&yr=1968&sessInd=0&smthLwInd=0&act=247&chpt=3

https://www.legis.state.pa.us/cfdocs/legis/LI/uconsCheck.cfm?txtType=HTM&yr=1968&sessInd=0&smthLwInd=0&act=247&chpt=3

https://tinicumtownship.org/wp-content/uploads/2024/01/TinicumTownshipComprehensivePlan2015.pdf



ORDINANCE STATUS

Nockamixon updated 2023

Not on website yet but the 2008 version is described
Nockamixon Township | Official Government Website

Tinicum 2015

Bridgeton none




https://nockamixontownship.org/



ORDINANCE COMPONENTS

Aquifer (pump) test Contributing Area Exemptions
Observation Wells Stream Baseflow Well Construction
Allowable Drawdown Septic * Reporting
Water Quality

* separate but related





THE NEW ORDINANCE SPECIFICATIONS DEPEND ON USEAGE CLASS

Class | usage less than 1000 gpd
( single home)

Class 2 usage between 1000 and 2000 gpd

(4 home subdivision) increased

requirements

Class 3 usage between 2000 and 10,000 gpd
(100 student school, 20 home subdivision)

Class 4 usage more than 10,000 gpd
(100 bed hospital, 40 home subdivision)






EXEMPTIONS FROM ORDINANCE REQUIREMENTS

Exempt

Additional water extraction does not exceed or hot?

150% of existing withdrawal (Class 1)

Replacing existing well
Geothermal wells installed in a closed loop system.
Remediation wells

Agriculture - modification or replacement of Class 1,
2, and 3 wells for existing Agricultural uses





Aquifer (Pump) Test Components for proposed wells

Peak Demand
can the well deliver water at a
peak morning usage rate.

Constant Head
can the well deliver water at a daily rate
with a stabilized water level.

Recovery
can water level recover in advance
of the next daily cycle.

Analogous to stress test






| HAVE A WELL, IT’S FINE
HOW AM | AFFECTED ?

Unsaturated
zone

/ Water table

Cone of
depression






b < 4
!f’. A ~!‘

The most debated specification of the new ordinance
is the allowable added drawdown at a neighboring well

Previously 3 ft in Nockamixon (now 2 ft),, currently 5 ft in Tinicum

A

EI—

-
).

A project fails a pump test if added
drawdown at a neighboring well exceeds
2 feet during any phase of testing

FAILURE

Extended Monitoring is recommended
if added drawdown at a neighboring well
is between 1 and 2 feet

Seogecs
-





What
difference doe
it make?






applicant

Unsaturated
zone

/ Water table

Cone of
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NEW WELLS
Subject to Bucks County Dept. of Health
and Local Ordinance Requirements

How does this affect me | already have a well?

pH Nitrate
Total Coliform .
] Total Dissolved Solids Arsenic *
Fecal Coliform Iron
E. coli Hardness
Gross Alpha Particle Activity PESERTE
Lead
Copper
Volatile Organic Compounds VOCs Mercury

for which maximum contaminant levels (MCLs)
have been established by federal and state law






Total Dissolved Solids TDS

.45 micron filter

weigh residue

non-specific

frequent monitoring recommended

indicator





Hardness
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Gross Alpha Particle Activity
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Radium-226 Radon-222 Alpha particle






MCL and Detection Limit for 21 VOCs required by Bucks Co. Health Dept.

Farameter ML (g /1) Repult (mg/ 1)
Banzene 0, 05 = .000%
Carbon Tetrachloride 0,005 < . 0005
1, 2-Dichloroathene . 00% < 0.000%
o-Dichlorobenzene 0.6 = 0.0005%
para-Dichlorobenzens 0n.075 = 00005
1,1-Dichloroethylensa 0,007 *ED . DLO2**
cig-1,2-Dichlorcethylens 0,07 = 0.0005
trang-1, 2-Dichloroethylens 0.1 < 0.0005
Dichloromethane 0.005% = 0.0005
1, 2-Dichloropropane 0.005 = 0.0005
Ethylbenzene 0.7 < D0.0005
Monochloraobenzene 0.1 < 0.0005
Styvrene 0.1 = 0.0005%
Tetrachloroethylene 0.005% < 0.0005%
Toluenes 1.0 < 0.000%
1,2,4-Trichlorobenzenes 0.07 < 0.000%
1,1,1-Trichloroechane 0.2 0.0029
1,1,2-Trichloroethane 0.005 < 0.0005%
Trichloroethylene 0._005 LTI
Vinyl Chloride 0.002 < 0.0005
Total Xylenes 10.0 \ < 0.000%

Anything missing ?






BNTGMC Activities

Groundwater level monitoring *
Water testing outreach

Hydrologic condition, drought monitor

PHS weather station
Ordinance advocacy

General resource
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Hydrologic Condition Monitoring - Tohickon Creek Watershed
(Tinicum Creek Watershed Similar)
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USG5 81459588 Tohickon Creek near Piperswville, PR
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Local Drought Monitor 6/15/2023
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Groundwater Interaction with the Delaware River
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REPORTS ON WEBSITE

The Data « BNTGMC (bntgroundwater.org)




http://bntgroundwater.org/the-data/



also submit via email artbaehr@comecast.net
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Water Quality Data BNT.pdf
Water Quality Data - Bridgeton, Nockamixon, and Tinicum Townships 1992-2023

Arthur L Baehr
March 2024

This report may be updated as additional data becomes available.

Introduction

The Bridgeton Nockamixon Tinicum Groundwater Management Committee (BNTGMC) and
Eco-Bucks encourage residents to test their well water. To provide context for recommending
tests and evaluating results, previously collected water quality data is summarized in this report.
Background geochemistry and contaminant occurrences are available from several sources. The
water quality data discussed in this report afford adequate information for understanding the
geochemistry and expected groundwater quality of the BNT region.

Water Quality Data Sources

USGS studies in Northern Bucks County (USGS 94)

In 1992 USGS sampled water from 31 wells located in Bridgeton (5), Nockamixon (10), and
Tinicum (16) Townships as part of a broader investigation in Northern Bucks County (Sloto and
Schreffler, 1994; Schreffler et al 1994). The data included physical parameters, major ions, trace
elements, arsenic, radon, and nutrients (see Appendix 1).

USGS NAWQA Study of Delaware River Basin (USGS 04)

From 1998 to 2001 USGS assessed water quality in the Delaware River Basin as part of the
National Water-Quality Assessment (NAWQA) Program. The assessment included groundwater
analyzing samples from 30 wells in the Piedmont Physiographic Province. None of the wells
were located in BNT, however, the Piedmont underlies BNT. The data included physical
parameters, major ions, trace elements, arsenic, radon, nutrients, VOCs, and pesticides (Fischer,
et al, 2004).

Bucks County Department of Health (BCDH)

Applicants for new wells and modifications such as well deepening, are required to submit
water quality reports to the BCDH (BCDH website, 2024). In response to a Right to Know
request by this author on behalf of the BNTGMC, the BCDH released pdf files of water quality
reports (Phil Smith, Director Environmental Health Bureau BCDH, personal communication,
12/14/2023). The reports vary by the lab utilized and can include bacteria, physical parameters,
major ions, trace elements (including arsenic) nutrients, and regulated VOCs (see Appendix 2).
Reports were made available for sites in Bridgeton (26), Nockamixon (45), and Tinicum (49).
Report dates range from 2007 - 2023.





Penn State University Extension Lab (PSU)

Data for Bucks County is available to the public (Penn State websites, 2024). A request was
made to the lab director to narrow down the County data to Bridgeton, Nockamixon, and
Tinicum Townships. Penn State agreed to provide zip-code-specific data (see Appendix 3), but
did not provide locations because of well owner confidentiality (Odette Mina and Faith Kibuye
personal communication, 9/25/2023). Sample dates range from 2007 to 2023.

Individual Well Owners and Future Data Inclusion

In 2023 the BNTGMC initiated a water quality education agenda. Part of this agenda involves
soliciting individual well owners to voluntarily share their well water test results to supplement
the water quality database. Institutions with wells serving a community such as schools and
businesses will be included in the requests.

Discussion

Microbial Contamination

Total Coliform and E. Coli results are reported by the BCDH and the Penn State lab. USGS did not
test for microbes. The EPA drinking water standard for both microbial tests is zero, therefore
any detection necessitates remediation.

For BNT zip codes, the Penn State Lab reported 14 detections out of 56 samples (25%) for Total
Coliforms and 5 detections out of 56 samples (8.9%) for E. Coli. The BCDH data shows 24
detections out of 139 samples (17.3%) for Total Coliforms and 5 detections out of 78 samples
(6.4%) for E. Coli. Only the initial sampling of a well was tallied for the BCDH data as subsequent
sampling would reflect remediation. These frequencies indicate why regular testing for
microbes is justified as occurrence is not due to geologic formation.

Arsenic

It is established that arsenic naturally occurs in groundwater in the Piedmont Physiographic
Province encompassing the BNT region at significant concentration levels. In 2006, the EPA
reduced the MCL of arsenic in public water systems to 10 pg/L, from 50 ug/L.

Groundwater samples from 144 wells within BNT (103 BCDH, 35 PSU) were analyzed for arsenic;
38 of the 144 samples (26.4%) exceeded the EPA drinking water standard (MCL) of 10 pg/L.
Arsenic was detected in 75 of 109 samples (68.8%) at concentrations above the detection limit
of 0.5 pg/L. PSU results did not include the number of detections below 10 pg/L, therefore,
were not included in the 109 samples.





Arsenic was detected in 22 of 30 (73.3%) of the domestic wells sampled in the Piedmont aquifer
(USGS 04). For 2 these samples (6.7%) the EPA MCL of 10 pg/L was exceeded. In another study,
USGS (Senior and Sloto, 2006) sampled 58 wells primarily in 5 areas of the Newark Basin,
southeastern Pennsylvania, from 2004 to 2005. About 20% of the samples exceeded 10 pg/L for
arsenic. The BCDH and PSU data for BNT are consistent with the USGS studies. Arsenicis a
prevalent and naturally occurring groundwater contaminant in the region.

Figure 1 is a Google map of arsenic concentrations (BCDH, USGS 94) superimposed on
hydrogeologic units. Orange and red circles combined denote locations for which the arsenic
concentration exceeded the EPA drinking water standard of 10 pug/L. Hydrogeological unit
identification are from Schreffler et al 2004. Additional well-site information is available by
clicking on the interactive version of Figure 1: Arsenic - Google My Maps

Figure 2 is a larger-scale geologic map for Northern Bucks County. Note the Brunswick, Diabase, and
Lockatong hydrogeological units are local subgroups of the Piedmont.

(next page)

Figure 1 Arsenic Concentrations superimposed on Hydrogeologic Units



https://www.google.com/maps/d/edit?hl=en&mid=1VXqfRUiU8_WgiwLRUyWzTjoCxfdBr7s&ll=40.512907152878455%2C-75.20380835820097&z=12



Arsenic Concentrations

@ 20-40 ug/liter © 10-20 pg/liter O less than 10 pg/liter O not detected
Hydrogeologic Units

© Brunswick ® Diabase © Alluvium e Lockatong

Figure 2 Generalized geological map of Northern Bucks County
(from Sloto and Schreffler, 1994)





MEW

40e30° = JERSEY -

EXPLANATION

JURASSIC DMBASE
UPFER TH |
m.!'ll'l?%gmuhmm

UPPER TRIASSIC
BRLMSWICK GROUP

UPPER TRIASSIC
LOCKATONG FORMATION

UPPER TRIASSIC
STOCETON FORAMATION

PAE-TRIAEEIC ROCKS

eomzg' |

TEHHHEEE

WELL AND IDENTWICATION
MHLABER

9 1 2 3 4 B MILES
01 2 34 85 KILDMETERS

| | l
Gaaslogy modied Fom Wilan e o (1950),

Figure 3. Genaeralized geclogic map of northam Bucks County.

Corrosivity and pH

PSU reports a corrosivity index. Of 20 samples, 12 (60%) were characterized as corrosive.
Approximately 60% of the wells, springs and cisterns serving individual homes in Pennsylvania
have corrosive water. Corrosive water tends to be most common in northern and western
Pennsylvania where more acidic groundwater is prevalent. Areas underlain by Triassic shales in
southeastern Pennsylvania (including the BNT area - see Figure 2) also produce corrosive water.
(Penn State Extension Website, 2024).

Physical properties - pH, specific conductance, alkalinity, and dissolved oxygen are best
measured onsite when a water sample is collected. These parameters are perishable and may
degrade in the time it takes to transport and analyze in the lab. USGS measured these
parameters in the field, whereas BCDH samples may be measured in a lab after transport. PSU
values are determined in the lab after transport as the homeowner typically sends samples to
Penn State via express mail service.





Table 1 is a summary of median pH values determined by USGS 94 and those submitted to the
BCDH from the various labs. PSU data could not be partitioned by hydrogeologic unit as
locations were not provided. A possible explanation for BCDH values being higher than USGS 94
values is CO; outgassing during transit.

Table 1 pH by Hydrogeologic Unit

pH Diabase | Brunswick | Alluvium | Lockatong

USGS 94 7.5 7.6 7.1 -
(N=10) (N=20) (N=1) (N=0)

BCDH 7.5 7.8 7.7 7.8
(N=50) | (N=121) (N=11) (N=1)

USGS 04 determined pH of samples from 30 wells in the Piedmont both in the field and
laboratory. The median field-determined pH was 7.4 and the median lab-determined pH was
7.6.

Nitrate

Combining BCDH and USGS 94 data, samples from 128 wells (113 BCDH, 15 USGS 94) were
analyzed for nitrate. Figure 3 is a graph of the distribution of nitrate concentrations. The median
nitrate concentration over all 128 values is 0.8 mg/L. The median nitrate concentration over 85
detected values is 1.5 mg/L. No values exceeded the EPA drinking water standard of 10 mg/L.
Nitrate occurs in precipitation at low levels averaging 0.5 mg/L (NADP, 2023). As a conservative
approximation, therefore, concentrations exceeding 2 mg/liter (21.1% of the samples) indicate a
terrestrial source such as fertilizers or septic effluent. Nitrate typically is not detected in anoxic
groundwater as under such conditions it is the primary electron acceptor for microbes.

The PSU nitrate summary provided did not include all data but the minimum, median, and
maximum values among 24 samples in BNT were 0.2, 1.2, and 13.1 mg/liter respectively. Two
samples (8.3%) exceeded the EPA drinking water standard of 10 mg/L. The median
concentration of nitrate for the USGS 04 survey (30 wells, Piedmont but not in BNT) was 2.8
mg/L. The location of the USGS 04 wells were mostly in more densely populated areas than
BNT.

Figure 3 Nitrate concentrations BCDH and USGS
N=128
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Radon

Radon is a colorless and odorless gas that is produced naturally by the radioactive decay of
uranium and thorium in rocks and soils. Exposure to radon is the second leading cause of lung
cancer after smoking ( https://www.epa.gov/radon).

BNT homeowners should test for radon gas in their homes as the Piedmont has elevated radon
occurrence ( https://www.bing.com/images/search?q=PA+Radon+Map&form=IARSLK&first=1).
USGS 94 analyzed radon in groundwater samples from 15 wells in BNT. Figure 4 is a graph of the
distribution of the 15 radon concentrations, the median is 1300 pCi/L (picocuries per liter).
USGS 04 reported a median radon concentration of 1800 pCi/L in the Piedmont.

EPA recommends homes be remedied if the radon level in indoor air exceeds 4 pCi/L
(https://www.epa.gov/radon/what-epas-action-level-radon-and-what-does-it-mean). Henry’s Law is
applied to convert aqueous to air phase concentrations by multiplying the aqueous
concentration by 0.0001. Radon gas migrating upward from groundwater can accumulate in
homes and has a half-life of 3.8 days. It is unclear, therefore, how to routinely predict the
relevance of groundwater data to indoor air quality. It is certain, however, that BNT residents
should test for radon gas in their homes as they are situated in the Piedmont. The median
concentration of Radon 222 in unfiltered water for the USGS 04 survey was 1820 pCi/L.

Figure 4 Radon 222 groundwater concentrations
N=15
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USGS 94 analyzed samples from 14 wells for 8 VOCs: Benzene, Bromoform, 1,2 Dibromoethane,
Carbon Tetrachloride, Chlorobenzene, 1,2 Dichlorobenzene, 1,3 Dichlorobenzene, and
1,4 Dichlorobenzene. There were no detections.

BCDH requires testing for 21 regulated VOCs: Benzene, Toluene, Carbon Tetrachloride, 1,2-
Dichloroethane, o-Dichlorobenzene, para-Dichlorobenzene, 1,1-Dichloroethylene, cis-1,2-
Dichloroethylene, trans-1,2-Dichloroethylene, Dichloromethane, 1,2-Dichloropropane,
Ethylbenzene, Monochlorobenzene, Styrene, Tetrachloroethylene, 1,2,4-Trichlorobenzene,
1,1,1-Trichloroethane, 1,1,2-Trichloroethane, Trichloroethylene, Vinyl Chloride, and Total
Xylenes.

Toluene was frequently detected and typically not co-occuring with other BTEX compounds in
the BCDH data base. Toluene data, therefore, is suspected to be compromised by an inter-lab
issue such as sample contamination by generator exhaust or some other quality control issue.
Toluene data is included in Appendix 2 with this caveat, but not included in the discussion
below.

At least one VOC was detected in 21 groundwater samples from 124 wells (16.9%). The
locations and total VOC concentration (sum over all detected VOCs excluding toluene) is
depicted in Figure 5. This depiction is not a synoptic as sample collection dates range from
2005 to 2023. Known VOC contamination sites are the Boarhead Farms Superfund site in
Bridgeton and the Ottsville site in Nockamixon. Both sites are contaminated by chlorinated
hydrocarbons, primarily TCE. Two wells near the Ottsville site, both sampled in 2011, were





highly contaminated. Other locations are not associated with plumes emanating from the
Boarhead and Ottsville sites. USGS 04 reports VOC data not summarized in this report.

Additional site information is available by clicking on the interactive version of Figure 5:
VOCs - Google My Maps

It is important to note MTBE and PFAS compounds were not included in the BCDH and USGS
schedules. These organic contaminants emerged recently as water quality concerns. USGS

Figure 5 Locations of VOC detections BCDH data

Total VOC concentrations

® greater than 10 pg/liter O between 1 and 10 ug/liter O less than 1 pg/liter

n Boarhead and Ottsville sites

Major lons, trace and other compounds pesticides



https://www.google.com/maps/d/edit?hl=en&mid=1NdbDSR8kR72Nh5zcPnhQRlZlcujjuqg&ll=40.53775249272175%2C-75.2031796859473&z=12



Data from BCDH, PSU, and USGS 94 are included in the Appendices. For more groundwater
quality discussion and data, especially for VOCs and pesticide occurrence, refer to USGS 04.
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Appendix 1 Water Quality Data - USGS studies in Northern Bucks County

The tables below are transcriptions of the water quality data reported by Schreffler et al 1994.
The workbook: Water Quality BNT data.xIsx is the archive for all the data in this report.

Physical Parameters are location, sample collection date, hydrogeologic unit, specific
conductance, pH, temperature, dissolved oxygen, and alkalinity. USGS measured pH, dissolved
oxygen, and alkalinity in the field, therefore these perishable parameters are accurate and
dissolved oxygen was only reported by USGS. Blank cells indicate no data, zeros indicate below
detection limit. Click on worksheets to open or download.





USGS

sample
well hydrogeologic collection
number unit latitude longitude township date
787 Brunswick 40.470278 -75.158333 Tinicum 2/27/1961
840 Brunswick  40.509444 -75.1575 Nockamixot 8/20/1992
925 Brunswick  40.421667 -75.066111 Tinicum 9/29/1925
1452 Diabase 40.541944 -75.103056 Bridgeton 6/8/1992

1458 Brunswick 40.498889 -75.1875 Nockamixor 6/10/1992
1491 Brunswick 40.508889 -75.172778 Nockamixor 6/10/1992
1494 Brunswick 40.489444 -75.165556 Nockamixor 8/21/1992

1509 Diabase 40.536667 -75.162222 Nockamixotr 6/9/1992
1533 Diabase 40.5325 -75.131111 Nockamixor 6/9/1992
1543 Diabase 40.5375 -75.153056 Nockamixor 8/19/1992
1607 Brunswick 40.455 -75.135278 Tinicum 6/15/1992
1622 Brunswick 40.4825 -75.151389 Tinicum 8/18/1992
1644 Brunswick 40.448611 -75.106111 Tinicum 6/15/1992
1671 Diabase 40.547222 -75.1375 Bridgeton 6/4/1992
1678 Diabase 40.5575 -75.118611 Bridgeton 8/17/1992
1906 Brunswick 40.526389 -75.172778 Nockamixor 8/27/1992
1941 Brunswick 40.496389 -75.120556 Tinicum 6/18/1992
1978 Brunswick 40.5575 -75.118611 Tinicum 8/18/1992
1978 Brunswick 40.5575 -75.118611 Tinicum 6/23/1992
1987 Brunswick 40.5425 -75.1875 Nockamixor 6/10/1992
1996 Diabase 40.513056 -75.127778 Tinicum 6/11/1992
2046 Diabase 40.531389 -75.108611 Tinicum 6/22/1992
2048 Brunswick 40.527778 -75.091389 Tinicum 6/22/1992
2269 Brunswick 40.475 -75.125278 Tinicum 6/11/1992
2347 Diabase 40.543889 -75.129722 Bridgeton 8/26/1992
2406 Brunswick 40.526944 -75.077222 Tinicum 8/17/1992
2408 Brunswick 40.4825 -75.161389 Tinicum 8/19/1992
2409 Brunswick = 40.460278 -75.155 Tinicum 8/20/1992
2410 Brunswick 40.483333 -75.103333 Tinicum 8/25/1992
2413 Alluvium 40.564722 -75.105 Bridgeton 9/2/1992

2414 Diabase 40.519167 -75.134167 Nockamixor  9/2/1992





Appendix 1 (continued)
Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.

alkalinity whole alkalinity whole

water total water total fixed
USGS specific dissolved It?ti;et:g:;:::d ::ii?c;:,tﬁeld alkalinity lab
well conductance pH whole oxygen mg/liter as mg/liter as mg/liter as
number usiemens/cm  water, field T centigrade mg/liter CaCo3 CaCo3 CaCo3
787 360 7.8 12 180
840 245 6.9 12
925 11 219
1452 239 6.6 13 5.2 73 76
1458 550 7.3 13.5 2 220 216
1491 488 7.5 13.5 0.4 214 217
1494 325 7.4 13.5
1509 409 7.7 13.5 0.2 172 169
1533 300 6.7 13 6.8 105 106
1543 322 8.2 13
1607 390 7.8 14 2.9 166 171
1622 404 7.6 13
1644 459 7.4 13.5 5.7 163 163
1671 530 6.4 13.5 3.8 118 123
1678 285 7.7 12.5
1906 135 7.3 13
1941 480 7.6 14 12 175 181
1978 360 7.8 14 37
1978
1987 410 7.8 14 7.9 133 134
1996 190 6.5 13 5.7 62 610
2046 371 8 13 1 194 178
2048 220 7.7 12.5 4.3 116 124
2269 405 7.9 13.5 5.8 163 163
2347 380 7.3 140
2406 730 7.5 13.5
2408 348 7.6 13
2409 425 7.7 13
2410 325 7.8 14
2413 325 7.1 13

2414 175 9.2 13





Appendix 1 (continued)

Major ions are calcium, magnesium, sodium, potassium, sulfate, chloride, and fluoride. Silica
and dissolved solids are also included. Trace elements are arsenic, iron, lead, and manganese.

Radon 222 is also included.

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.

UsGs Calcium Magnesium  Sodium

well dissolved dissolved dissolved

number mg/liter mg/liter mg/liter
787 36 21 10
925 46 25 14
1452 18 14 6.5
1458 76 15 19
1491 68 16 15
1509 20 6.1
1533 30 13 6.9
1607 40 20 11
1644 51 23 11
1671 40 35 12
1941 59 16 14
1978 18 11 0.8
1987 48 16 14
1996 14 11 2.9
2046 39 20 8.2
2048 35 7.5 9.5

2269 39 22 10

Potassium

19

Solids

residue @

180C Arsenic Iron Lead
dissolved
pg/liter

dissolved dissolved

ug/liter pg/liter
217 260
263 10
160
314
270
270
182
226
282
334 0
260

dissolved
mg/liter

)

.
o wwN o

236 5
124 0
230
172
232 3

=
=
OV wWOoOOoOOOoOoOWwWAMAROARMO®MO

O0OO0OO0OO0OO0O0O0O0O0O0O0OoONO

Manganese Radon 222

dissolved
ug/liter

OO0 wWoNOOoWOoOo

total pico
Curies/liter

1000
2500
2600
1200
170
2400
2400
88
1400
1300
1100
180
1100
3400
1500





Appendix 1 (continued)

Nutrients are ammonia, nitrite, nitrate, and phosphorous. Data reported below detection limit
are assigned zero in the tables below. A blank field means the constituent was not included in
the lab report.

USGS Nitrogen Nitrogen
Ammonia Nitrogen NO2 NO3+NO2 Phosphorous Phosphorous

well dissolved dissolved dissolved dissolved ortho dissolved

number mg/literas N mg/liter as N mg/liter as N mg/liter as P mg/liter as P
1452 0 0 1.9 0 0.02
1458 0 0 0.98 0 0
1491 0.01 0 0 0 0
1509 0 0 0 0 0
1533 0 0 1.1 0 0.01
1607 0.01 0 3 0 0.01
1644 0.02 0 3.3 0 0.01
1671 0 0 0.26 0 0
1941 0.02 0 3 0.03 0.03
1978 0.01 0 1.6 0.02 0.02
1987 0 0.02 2.8 0 0
1996 0 0 0 0 0
2046 0.01 0 0.29 0.01 0.02
2048 0.01 0 0.58 0.01 0.02
2269 0 0 1.6 0 0.02





Appendix 1 (continued) VOCs

USGS c
1,2 arbon 1,2 1,3 14
well Benzene Bromoform  pipromoethane  Tetrachloride Chlorobenzene Dichlorobenzene Dichlorobenzene Dichlorobenzene
number ug/liter ug/liter ug/liter ug/liter ug/liter ug/liter ug/liter ug/liter
840 ND ND NA ND ND ND ND ND

1494 ND ND NA ND ND ND ND ND

1543 ND ND NA ND ND ND ND ND

1622 ND ND NA ND ND ND ND ND

1678 ND ND NA ND ND ND ND ND

1906 ND ND ND ND ND ND ND ND

1978 ND ND NA ND ND ND ND ND

2347 ND ND NA ND ND ND ND ND

2406 ND ND NA ND ND ND ND ND

2408 ND ND NA ND ND ND ND ND

2409 ND ND NA ND ND ND ND ND

2410 ND ND NA ND ND ND ND ND

2413 ND ND NA ND ND ND ND ND

2414 ND ND NA ND ND ND ND ND





Appendix 2 Water Quality data - Bucks County Department of Health (BCDH)

The tables below are transcriptions of the water quality data obtained from the BCDH by a right
to know request. Repeat well IDs indicate multiple sampling of a well as would be done, for
example, to check the efficacy of water treatment. In such cases data for the first sampling date
is assumed to provide the best geochemical data. The workbook: Water Quality BNT data.xlsx is
the searchable archive for this data.

First, the tables below provide location information, hydrogeologic unit, sample collection date,
and lab used. Hydrogeologic units were assigned based on Sloto and Schreffler (1994).





well ID
BDG 22
BDG 1
BDG 21
BDG 2
BDG 17
BDG 3
BDG 7
BDG 5
BDG 24
BDG 7
BDG 16
BDG 4
BDG 4
BDG 16
BDG 16
BDG 23
BDG 18
BDG 8
BDG 8
BDG 9
BDG 28
BDG 20
BDG 20
BDG 10
BDG 10
BDG 30
BDG 30
BDG 12
BDG 10
BDG 15
BDG 15
BDG 12
BDG 26
BDG 25
BDG 27
BDG 6

Township
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton
Bridgeton

sample
Hydrologic collection
Unit latitude longitude date lab

Alluvium 40.5717 -75.115 10/8/2007 Analytical labs
Alluvium 40.5633 -75.0971 8/7/2008 QC labs

Alluvium 40.5657 -75.101 9/21/2009 Benchmark Analytics
Alluvium 40.5703 -75.1124 12/17/2014 Analytical labs
Alluvium 40.5623 -75.0967 5/7/2021 Analytical labs
Alluvium 40.5648 -75.1026 9/6/2022 Suburban Testing Labs
Brunswick  40.5650 -75.1445 10/28/2005 ABE laboratory
Brunswick  40.5650 -75.1445  2/23/2006 ABE laboratory
Brunswick  40.5663 -75.1445  2/24/2006 ABE laboratory
Brunswick  40.5650 -75.1445 8/7/2008 Analytical labs
Brunswick  40.5676 -75.1409  9/23/2009 Analytical labs
Brunswick  40.5690 -75.1380 10/5/2009 Analytical labs
Brunswick  40.5690 -75.1380 12/9/2009 Analytical labs
Brunswick  40.5676 -75.1409 12/30/2009 Analytical labs
Brunswick  40.5676 -75.1409 1/15/2010 Analytical labs
Brunswick  40.5628 -75.1113 5/30/2019 Analytical labs
Brunswick  40.5694 -75.1215 1/6/2022 Suburban Testing Labs
Diabase 40.5546 -75.112  6/28/2005 Benchmark Analytics
Diabase 40.5546 -75.112 8/4/2005 ABE laboratory
Diabase 40.5550 -75.1143 9/13/2005 Benchmark Analytics
Diabase 40.5376 -75.1278 1/9/2006 QC labs

Diabase 40.5399 -75.1174 7/25/2007 QC labs

Diabase 40.5399 -75.1174 8/2/2007 QC labs

Diabase 40.5432 -75.134 9/27/2007 Benchmark Analytics
Diabase 40.5432 -75.134 10/12/2007 Benchmark Analytics
Diabase 40.5515 -75.1326 5/7/2008 Analytical labs
Diabase 40.5515 -75.1326 5/28/2008 Analytical labs
Diabase 40.5492 -75.1326  9/10/2008 Benchmark Analytics
Diabase 40.5432 -75.134 5/27/2009 Benchmark Analytics
Diabase 40.5575 -75.1407 4/9/2010 QC labs

Diabase 40.5575 -75.1407 1/24/2011 QC labs

Diabase 40.5492 -75.1326  4/22/2011 Analytical labs
Diabase 40.5528 -75.1301 3/8/2012 Analytical labs
Diabase 40.5485 -75.1213 5/5/2015 Microbac labs
Diabase 40.5371 -75.1291 10/30/2017 Analytical labs
Diabase 40.5667 -75.1376 10/20/2020 Suburban Testing Labs





Appendix 2 (continued)





sample
Hydrologic collection
well ID  Township Unit latitude  longitude date lab

NOX 29 NockamixoiBrunswick  40.5215 -75.1846 2/3/2006 Analytical labs

NOX 32 NockamixoiBrunswick  40.5217 -75.1837  2/22/2007 Analytical labs

NOX 3 Nockamixot Brunswick  40.5084 -75.1986 6/12/2007 Analytical labs

NOX 4 Nockamixot Brunswick  40.5084 -75.1986 6/12/2007 Analytical labs

NOX 53 NockamixoiBrunswick  40.4815 -75.1724  8/27/2007 Chemical Solutions Itd
NOX 53 NockamixoiBrunswick  40.4815 -75.1724  8/27/2007 ABE laboratory

NOX 31 NockamixoiBrunswick  40.5095 -75.1678 9/25/2007 Analytical labs

NOX 31 NockamixoiBrunswick  40.5095 -75.1678 10/15/2007 Analytical labs

NOX 1 Nockamixoi Brunswick  40.5216 -75.1846 2/6/2008 Analytical labs

NOX 9 Nockamixoi Brunswick  40.5181 -75.1922 4/4/2008 Suburban Testing Labs
NOX 54 NockamixoiBrunswick  40.4810 -75.1713  4/10/2008 ABE laboratory

NOX 51 NockamixoiBrunswick  40.4791 -75.1752 5/21/2008 ABE laboratory

NOX 51 NockamixoiBrunswick  40.4791 -75.1752 5/21/2008 Chemical Solutions Itd
NOX 7 Nockamixoi Brunswick  40.5562 -75.1880 8/11/2008 Chemical Solutions Itd
NOX 12 NockamixoiBrunswick  40.5215 -75.1946  9/15/2008 Analytical labs

NOX 41 NockamixoiBrunswick  40.4988 -75.1518 10/21/2008 ABE laboratory

NOX 11 NockamixoiBrunswick  40.5192 -75.1949 10/21/2008 QC labs

NOX 41 NockamixoiBrunswick  40.4988 -75.1518 12/10/2008 ABE laboratory

NOX 41 NockamixoiBrunswick  40.4988 -75.1518 12/10/2008 Chemical Solutiond Itd.
NOX 55 NockamixoiBrunswick  40.4828 -75.1719 12/12/2008 ABE laboratory

NOX 55 NockamixoiBrunswick  40.4828 -75.1719 12/12/2008 Chemical Solutions Itd
NOX 52 NockamixoiBrunswick  40.4785 -75.1751  2/11/2009 Benchmark Analytics
NOX 43 NockamixoiBrunswick  40.4754 -75.1698 2/12/2009 Analytical labs

NOX 12 NockamixoiBrunswick  40.5215 -75.1946 2/20/2009 QC labs

NOX 51 NockamixoiBrunswick  40.4791 -75.1752  6/23/2009 Analytical labs

NOX 50 NockamixoiBrunswick  40.4780 -75.1734 10/23/2009 ABE laboratory

NOX 50 NockamixoitBrunswick  40.4780 -75.1734 10/23/2009 M.J. Reider Assoc.
NOX 7 Nockamixot Brunswick  40.5562 -75.1880 11/19/2009 ABE laboratory

NOX 16 NockamixoiBrunswick  40.5178 -75.2277 2/4/2010 Suburban Testing Labs
NOX 52 Nockamixoi Brunswick  40.4785 -75.1751  3/17/2010 Benchmark Analytics
NOX 49 NockamixoiBrunswick  40.4769 -75.1717 5/19/2010 Analytical labs

NOX 10 NockamixotBrunswick  40.5183 -75.1943 10/6/2010 QC labs

NOX 41 NockamixoiBrunswick  40.4988 -75.1518 3/9/2011 Analytical labs

NOX 33 NockamixoiBrunswick  40.5019 -75.1744 3/16/2011 Benchmark Analytics
NOX 2 Nockamixot Brunswick  40.5016 -75.1894  9/16/2011 Analytical labs

NOX 2 Nockamixoi Brunswick  40.5016 -75.1894 9/23/2013 QcC labs

NOX 35 NockamixoiBrunswick  40.4990 -75.1793  9/26/2013 Analytical labs

NOX 35 NockamixoiBrunswick  40.4990 -75.1793 10/11/2013 Analytical labs

NOX 5 Nockamixoi Brunswick  40.5027 -75.2018 11/11/2016 ALS Environmental
NOX 9 Nockamixoi Brunswick  40.5181 -75.1922 1/6/2017 Suburban Testing Labs
NOX 13 NockamixoiBrunswick  40.5350 -75.1823 7/11/2017 Analytical labs

NOX 8 Nockamixot Brunswick ~ 40.5251 -75.1892  9/14/2018 Suburban Testing Labs
NOX 8 Nockamixoi Brunswick  40.5251 -75.1892 10/15/2018 Suburban Testing Labs
NOX 42 NockamixoiBrunswick  40.4978 -75.1541 6/11/2019 Analytical labs

NOX 15 NockamixoiBrunswick  40.5305 -75.1977 9/23/2019 Analytical labs

NOX 36 NockamixoiBrunswick  40.5631 -75.2478  4/16/2021 M.J. Reider Assoc.
NOX 14 NockamixoiBrunswick  40.5278 -75.1934  4/19/2023 M.J. Reider Assoc.










Appendix 2 (continued)





sample
Hydrologic collection
well ID  Township Unit latitude  longitude date lab

Tin 50 Tinicum Alluvium 40.54861 -75.0823 11/19/2010 QC labs

Tin 18 Tinicum Alluvium 40.49122 -75.0694 6/5/2012 ABE laboratory

Tin 52 Tinicum  Alluvium 40.55093 -75.0859  7/28/2015 ABE laboratory

Tin 52 Tinicum Alluvium 40.55093 -75.0859 7/28/2015 M.J. Reider Assoc.

Tin 49 Tinicum Alluvium 40.54765 -75.0802 4/12/2018 Analytical labs

Tin 13 Tinicum Brunswick  40.4662 -75.0931 6/22/2005 QC labs

Tin 23 Tinicum Brunswick 40.497 -75.0819  7/15/2005 Analytical labs

Tin 06 Tinicum Brunswick  40.4909 -75.1474 12/12/2005 Suburban Testing Labs
Tin 05 Tinicum Brunswick  40.4909 -75.1474 12/13/2005 Suburban Testing Labs
Tin 24 Tinicum Brunswick 40.49956 -75.0789  6/30/2006 Benchmark Analytics
Tin 01 Tinicum Brunswick  40.5016 -75.1739  7/27/2006 Benchmark Analytics
Tin 39 Tinicum Brunswick 40.44982 -75.0908 6/14/2007 Analytical labs

Tin 39 Tinicum Brunswick 40.44982 -75.0908 7/18/2007 Analytical labs

Tin 39 Tinicum Brunswick 40.44982 -75.0908 2/27/2008 Analytical labs

Tin 48 Tinicum Brunswick 40.46736 -75.1436  8/12/2008 Benchmark Analytics
Tin 47 Tinicum Brunswick 40.46775 -75.1444 11/10/2008 QC labs

Tin 16 Tinicum Brunswick 40.50093 -75.0721 11/17/2008 Analytical labs

Tin 43 Tinicum Brunswick 40.46417 -75.1101 3/3/2010 Analytical labs

Tin 08 Tinicum  Brunswick 40.46625 -75.1464 4/14/2010 QC labs

Tin 22 Tinicum Brunswick 40.49864 -75.0806 4/16/2010 Benchmark Analytics
Tin 20 Tinicum Brunswick 40.49758 -75.0817 4/19/2010 Benchmark Analytics
Tin 21 Tinicum Brunswick 40.49814 -75.0811 4/28/2010 Benchmark Analytics
Tin 07 Tinicum Brunswick  40.4621 -75.1478 6/25/2010 Analytical labs

Tin 07 Tinicum Brunswick  40.4621 -75.1478  7/28/2010 Analytical labs

Tin 07 Tinicum Brunswick  40.4621 -75.1478 8/6/2010 Analytical labs

Tin 07 Tinicum Brunswick  40.4621 -75.1478 9/17/2010 Analytical labs

Tin 20 Tinicum Brunswick 40.49758 -75.0817 12/1/2010 Benchmark Analytics
Tin 21 Tinicum Brunswick 40.49814 -75.0811 1/3/2011 Benchmark Analytics
Tin 08 Tinicum Brunswick 40.46625 -75.1464 1/25/2011 QcC labs

Tin 44 Tinicum Brunswick 40.46387 -75.1291 2/7/2011 Benchmark Analytics
Tin 42 Tinicum Brunswick 40.46126 -75.1074 6/2/2011 ABE laboratory

Tin 42 Tinicum Brunswick 40.46126 -75.1074 6/2/2011 M.J. Reider Assoc.

Tin 28 Tinicum Brunswick 40.51235 -75.0912 7/2/2012 Analytical labs

Tin 11 Tinicum Brunswick 40.47075 -75.1671  7/13/2012 Benchmark Analytics
Tin 11 Tinicum Brunswick 40.47075 -75.1671 1/21/2013 Benchmark Analytics
Tin 33 Tinicum Brunswick 40.42417 -75.0656 4/21/2014 Benchmark Analytics
Tin 26 Tinicum Brunswick 40.50143 -75.0896 6/25/2015 Microbac labs

Tin 26 Tinicum Brunswick 40.50143 -75.0896 7/17/2015 Microbac labs

Tin 27 Tinicum Brunswick 40.50288 -75.0891 9/7/2016 Analytical labs

Tin 15 Tinicum Brunswick 40.44309 -75.1108 11/4/2016 M.J. Reider Assoc.

Tin 30 Tinicum Brunswick 40.44893 -75.1725 2/8/2018 Suburban Testing Labs
Tin 30 Tinicum Brunswick 40.44893 -75.1725 3/9/2018 Suburban Testing Labs
Tin 53 Tinicum Brunswick 40.53145 -75.0978 3/28/2018 ALS Environmental
Tin 46 Tinicum Brunswick 40.46793 -75.1442  6/22/2018 Analytical labs

Tin 37 Tinicum Brunswick 40.44478 -75.0786 7/2/2018 Analytical labs

Tin 29 Tinicum Brunswick 40.46026 -75.1554  8/13/2018 Suburban Testing Labs
Tin 29 Tinicum Brunswick 40.46026 -75.1554 9/14/2018 Suburban Testing Labs










Next are microbial and physical parameters from BCDH. Samples for pH may be shipped and
measured in the lab rather than the field, as such the pH values may be compromised. Data
reported below detection limit are assigned zero in the tables below. A blank field means the

constituent was not included in the lab report.

Appendix 2 (continued)





well ID
BDG 22
BDG 1
BDG 21
BDG 2
BDG 17
BDG 3
BDG 7
BDG 5
BDG 24
BDG 7
BDG 16
BDG 4
BDG 4
BDG 16
BDG 16
BDG 23
BDG 18
BDG 8
BDG 8
BDG9
BDG 28
BDG 20
BDG 20
BDG 10
BDG 10
BDG 30
BDG 30
BDG 12
BDG 10
BDG 15
BDG 15
BDG 12
BDG 26
BDG 25
BDG 27
BDG 6

Total Coliform E. Coli
counts/100 counts/100
ml ml

1350

0 0]

0

too numero 0

0

too numerous to count

O OO O0OO0OO0OO0OOoOOoOOo

non-coliform
counts/100ml

100

120

o U O OO

15

22

pH

7.77
8.06
7.76
7.35
7.45
7.88

7.9

7.8

7.9
7.69
7.91
7.96

7.74
6.88

7.18
6.54
8.26

7.49

8.54

7.04

8.15

7.49

7.92

Total Hardness
Dissolved mg/L as
Solids mg/L CaCO3

268
274
330
284
228

306
238
204
284
232
276

224
180
212
270
106
180

200

170

231

288

393

180

112





Appendix 2 (continued)

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





well ID
NOX 29
NOX 32
NOX 3
NOX 4
NOX 53
NOX 53
NOX 31
NOX 31
NOX 1
NOX 9
NOX 54
NOX 51
NOX 51
NOX 7
NOX 12
NOX 41
NOX 11
NOX 41
NOX 41
NOX 55
NOX 55
NOX 52
NOX 43
NOX 12
NOX 51
NOX 50
NOX 50
NOX 7
NOX 16
NOX 52
NOX 49
NOX 10
NOX 41
NOX 33
NOX 2
NOX 2
NOX 35
NOX 35
NOX 5
NOX 9
NOX 13
NOX 8
NOX 8
NOX 42
NOX 15
NOX 36
NOX 14
NOX 14
NOX 14
NOX 6
NOX 27
NOX 21

Total Coliform E. Coli
counts/100

ml

present

O O O o

O O O oo

560

O O O OO oo

o O O

O O oo

counts/100
ml

o

0
0

O O oo

o o

non-coliform
counts/100ml

to numerou

0

0
135
15

pH

7.77
7.84
7.58
7.43

8.06

to numerous to count

TNTC

30

37

7.99

7.8

7.7

7.6

7.38

7.5

7.65
7.25

7.96

6.84

7.39

7.46
7.8

to numerous to count

0]

47

175

310

7.89

7.8
7.85

7.57
7.42
7.75

6.4
7.92

7.63
6.75
7.9

Total Hardness
Dissolved mg/L as
Solids mg/L CaCO3

250

320

363

382

244

276
236

352
690
192
280
216
280
386

250

320

342
360

520
308
357

308

546
381

274
238
498
319
292

210

232

216

324
258

180
172
327










Appendix 2 (continued)

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





Total Coliform E. Coli Total Hardness

counts/100 counts/100 non-coliform Dissolved mg/L as
wellID ml ml counts/100ml pH Solids mg/L CaCO3
Tin 50 0 1 7.57 1330 880
Tin 18 7.6
Tin 52 7.9 150
Tin 52
Tin 49 0 0 360 6.81 270 172
Tin 13 0 8.04 266
Tin 23 0 15 7.58 215 128
Tin 06 0 0 7.8 985 600
Tin 05 0 3035 7.8 1230 782
Tin 24 11 0 209 8.08 280 180
Tin 01 0 0 6 8.12 260 170
Tin 39 0 0 8.79 416
Tin 39 7.33 208
Tin 39 0 6 8.9 396
Tin 48 0 0 3 7.13 303
Tin 47 0 0 7.45 260 200
Tin 16 0 0 7.08 268
Tin 43 0 0 8.1 276
Tin 08 0 7.84 297
Tin 22 0 0 0 7.73 250 180
Tin 20 0 0 0 8.13 240 159
Tin 21 0 0 200 7.73 290 173
Tin 07 5700 7.68 275 220
Tin 07 0 0 500
Tin 07 958
Tin 07 413
Tin 20 0 0
Tin 21 0 0
Tin 08 0 0 260
Tin 44 1 0 0 7.68 450 247
Tin 42 3 positive 7.7
Tin 42
Tin 28 too numero 8.02 196
Tin 11 1450 10 7.96 280 195
Tin 11 0 0
Tin 33 0 0 0 7.68 240 137
Tin 26 7.71 598 369
Tin 26 7 0
Tin 27 0 0 0 7.88 184 124
Tin 15
Tin 30 0 0 7.93 357
Tin 30
Tin 53 0 0 0 7.74 316 204
Tin 46 0 7.73 254
Tin 37
Tin 29 0
Tin 29 36 0 7.72 362
Tin 29 0 7.7 307.8
Tin 45 0 0 0 8.04 274 168
Tin 46 176
Tin 10 0 0 8 224 172

Tin 25 0 0 8.06 166










Appendix 2 (continued)

Next are nitrate, nitrite and major ions from the Bucks County Health Dept.
Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.

Nitrate as N Nitrite as N Calcium Magnesium Sodium Potasium Chloride
well ID mg/L mg/L mg/L mg/L mg/L mg/L Sulfate mg/L mg/L
BDG 22 0 14
BDG 1 1.69 28.4
BDG 21 1.3 0.001 30.4
BDG 2 0.85 16
BDG 17 0.9 0 13.2
BDG 3 1.95 0 34.9
BDG 7 0 0
BDG 5 0
BDG 24 0
BDG 7 0.6 8
BDG 16 0 0 6
BDG 4 1.75 10
BDG 4
BDG 16
BDG 16
BDG 23
BDG 18 1.76 0 24.5
BDG 8 3.2 0
BDG 8 7.5
BDG 9 1.1 12
BDG 28 0
BDG 20 0 0
BDG 20
BDG 10 0.7 4.06
BDG 10 0
BDG 30
BDG 30
BDG 12 0 0 14.5
BDG 10
BDG 15 0.55 24.9
BDG 15
BDG 12 5.24
BDG 26
BDG 25 0.021 0 10.2
BDG 27 68.8

BDG 6 1.88 0 55





Appendix 2 (continued)

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





well ID
NOX 29
NOX 32
NOX 3

NOX 4

NOX 53
NOX 53
NOX 31
NOX 31
NOX 1

NOX9

NOX 54
NOX 51
NOX 51
NOX 7

NOX 12
NOX 41
NOX 11
NOX 41
NOX 41
NOX 55
NOX 55
NOX 52
NOX 43
NOX 12
NOX 51
NOX 50
NOX 50
NOX 7

NOX 16
NOX 52
NOX 49
NOX 10
NOX 41
NOX 33
NOX 2

NOX 2

NOX 35
NOX 35
NOX 5

NOX9

NOX 13
NOX 8

NOX 8

NOX 42
NOX 15
NOX 36
NOX 14
NOX 14
NOX 14
NOX 6

NOX 27
NOX 21
NOX 26
NOX 22
NOX 22
NOX 24
NOX 24
NOX 18
NOX 28
NOX 28
NOX 39
NOX 39
NOX 39
NOX 19
NOX 19
NOX 23
NOX 20

Nitrate as N Nitrite as N

mg/L
2.3
4.4
0
1
0.5

33
2.8

1.46

0.832

2.85

0.81

1.97

1.1

2.6
2.34

1.03
3.29

2.91

0.4
1.7

0.64

mg/L

Calcium
mg/L

90

Magnesium

mg/L

24.8

Sodium
mg/L

8.6

31.2
21.2

10

10.4
19

26.9

Chloride
mg/L

18.7

1.7

15.1

52

12

18

9.99

13.7
12

20
13.3

107
28
43.9

27.2

20.2
15.1

27.7
24.6
24.3
18.6

a2

26.1
8.37

15
15.3










Appendix 2 (continued)

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





well ID
Tin 50
Tin 18
Tin 52
Tin 52
Tin 49
Tin 13
Tin 23
Tin 06
Tin 05
Tin 24
Tin 01
Tin 39
Tin 39
Tin 39
Tin 48
Tin 47
Tin 16
Tin 43
Tin 08
Tin 22
Tin 20
Tin 21
Tin 07
Tin 07
Tin 07
Tin 07
Tin 20
Tin 21
Tin 08
Tin 44
Tin 42
Tin 42
Tin 28
Tin 11
Tin 11
Tin 33
Tin 26
Tin 26
Tin 27
Tin 15
Tin 30
Tin 30
Tin 53
Tin 46
Tin 37
Tin 29
Tin 29
Tin 29
Tin 45
Tin 46
Tin 10
Tin 25
Tin 34
Tin 19
Tin 34
Tin 41
Tin 09
Tin 35
Tin 41
Tin 14
Tin 14
Tin 31
Tin 31
Tin 31
Tin 40
Tin 36
Tin 02

Nitrate as N Nitrite as N

mg/L
0
0
0

3.37

2.58
2.9

1.5
1.39

2.8
1.54
2.14
1.65
1.05
1.39

1.3
2.12

0.09

0.74

2.1

0.61
0.0751

1.24

3.2
1.6

1.76

0.82

1.17

1.4
0.76
1.53

1.14

0.61
2.3

mg/L
0

o

0.002

O O O o

o

Calcium Magnesium Sodium
mg/L mg/L mg/L
259 56.6 34.8

9.3
46
57

11.8
9.27

22.4
44.3 21.4 11.6

10.3
10.6

30

10.7

30.9
87.7 36.4 23.8

8.1

17.8
35.6

1.56

8.6
11
9.2

13.1
7.4

24 12.8 7.8
185
12.2

37.7

20.5

12.5
12.1

Potasium
mg/L

Sulfate mg/L

307

Chloride
mg/L
9.04

10

19
34.9
3.4
18
20
5.16
15
15
12
73.5
6.59
22.6
35
7.23
3.53
5.18
4.42
12

7.46

13.2

49.7
5.5

26

13.5

15.9

14.2

8.4

15

22.4
7.7

2.99
4.6
25
24.3
15.5
16.5

49.3
20.2










Appendix 2 (continued)

Next are arsenic, manganese, lead, copper and iron.
Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





well ID
BDG 22
BDG 1
BDG 21
BDG 2
BDG 17
BDG 3
BDG 7
BDG 5
BDG 24
BDG 7
BDG 16
BDG 4
BDG 4
BDG 16
BDG 16
BDG 23
BDG 18
BDG 8
BDG 8
BDG 9
BDG 28
BDG 20
BDG 20
BDG 10
BDG 10
BDG 30
BDG 30
BDG 12
BDG 10
BDG 15
BDG 15
BDG 12
BDG 26
BDG 25
BDG 27
BDG 6

Arsenic
mg/L
0
0.0034
0
0.0057
0
0

0.0193
0.014
0.016

0.0111

0.0026

0.00946
0
0.002

Manganese
mg/L

0.02

0.383
0.027

0.21

0

0.348

o

0.013
0.005

0.0136

0.052

0.03

0.0043

0.028
0.0063

Lead
mg/L

Copper
mg/L

Iron
mg/L
0.07
3.95
0.946
0.81
0.03
1.14

0.11
0.19

0.027
0.031

0.088

0.448

2.2

2.3
0.312
0.138

0.306





Appendix 2 (continued)

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





well ID
NOX 29
NOX 32
NOX 3
NOX 4
NOX 53
NOX 53
NOX 31
NOX 31
NOX 1
NOX 9
NOX 54
NOX 51
NOX 51
NOX 7
NOX 12
NOX 41
NOX 11
NOX 41
NOX 41
NOX 55
NOX 55
NOX 52
NOX 43
NOX 12
NOX 51
NOX 50
NOX 50
NOX 7
NOX 16
NOX 52
NOX 49
NOX 10
NOX 41
NOX 33
NOX 2
NOX 2
NOX 35
NOX 35
NOX 5
NOX 9
NOX 13
NOX 8
NOX 8
NOX 42
NOX 15
NOX 36
NOX 14
NOX 14

Arsenic
mg/L

0.0087
0.0091
0
0.005

0.0218
0.0037
0.008
0
0.003
0.027
0.0159

0.0206

0.016

O O oo

0.009

0
0.004

0.0031
0.0103

0

0.0289

0
0.000703

0.011
0.02

0.013
0.009
0.005
0.009

Manganese
mg/L

0.04

0.0192

0.013

0.017

0.02

0
0.00051

0.02
0
0.0683

0.0098

0.019
0.02

0.037

Lead
mg/L

Iron
mg/L

Copper
mg/L

0.1
0.04

0.03
0.12

0.08
0.0306

0.377

0.28

0.0053

0.266

0.957

1.1

0.001 0.02 0.047

0 0.003 0

(@)
o
(@)

0] 0.005 0.03

0O OR










Appendix 2 (continued

Data reported below detection limit are assigned zero in the tables below.
A blank field means the constituent was not included in the lab report.





Arsenic

well ID mg/L
Tin 50
Tin 18
Tin 52
Tin 52
Tin 49
Tin 13
Tin 23
Tin 06
Tin 05
Tin 24
Tin 01
Tin 39
Tin 39
Tin 39
Tin 48
Tin 47
Tin 16
Tin 43
Tin 08
Tin 22
Tin 20
Tin 21
Tin 07
Tin 07
Tin 07
Tin 07
Tin 20
Tin 21
Tin 08
Tin 44
Tin 42
Tin 42
Tin 28
Tin 11
Tin 11
Tin 33
Tin 26
Tin 26
Tin 27
Tin 15
Tin 30
Tin 30
Tin 53
Tin 46
Tin 37
Tin 29
Tin 29
Tin 29

0.0086
0.008

0.0113
0.0075
0.0266
0.0276

0.0031
0.0065

0.0096
0.0064

0.009
0.0083
0.0069

0.0383
0.007

0.013
0.0083

0.015
0.025

0.006

0.016

0.0036

0.006

0.01

0.012

Manganese
mg/L

0.0078
0.328
0

0.16
0.37
0.011

0.027
0.05

0.08
0.069

Lead
mg/L
0

0.002
0.015

0.0006

0.0021

0.0006

0.17

0.0007

0.0007

Copper
mg/L
0.00059

0.446
0.034

0.0031

0.0302

0.0484

0.0014

0.0006

0.0008

0.0006
0.0052

0.0031

Iron
mg/L
0.0155

0.0341
0.12

0.59
0.008

0.011
0.0915

1.14
0.017
0.02
0.014

592

0.207
0.202

0.08

0.59

0.021
0 01










Appendix 2 (continued)

The Bucks County Health Dept. requires testing for 21 regulated VOCs:

Benzene, Toluene, Carbon Tetrachloride, 1,2-Dichloroethane, o-Dichlorobenzene, para-
Dichlorobenzene, 1,1-Dichloroethylene, cis-1,2-Dichloroethylene, trans-1,2-Dichloroethylene,
Dichloromethane, 1,2-Dichloropropane, Ethylbenzene, Monochlorobenzene, Styrene,
Tetrachloroethylene, 1,2,4-Trichlorobenzene, 1,1,1-Trichloroethane, 1,1,2-Trichloroethane,
Trichloroethylene, Vinyl Chloride, and Total Xylenes.

Toluene was frequently detected and typically did not co-occur with other related BTEX
compounds. The toluene data, therefore, is suspected to be compromised by an inter-lab issue
such as sample contamination by generator exhaust or some other quality control issue.
Toluene data is included in Appendix 2 with this caveat.

In the tables below, only detections are listed, therefore a blank field may indicate non-
detection, or the compound was not analyzed. MBAS concentrations were determined for some
of the samples and for MBAS a 0 entry indicates below detection limit. Click on the tables to
open and expand.

Ethylbenzene Dibromochl 1,1,Dichloro trans 1,2 Tetrachloro 1,1,1 TCE 11,2

Toluene aka Xylene m&p Xylenes Chloroform oromethane Bromoform Bromodichl ethylene Dichloroeth 1,1,Dichloro ethylene Trichloroeth Trichloroeth Trichloroeth MBAS
well ID e/t e/l e/l oXylene pg/L  MTBE pg/L 8 g/t e/l oromethane pg/L enepg/l  ethanepg/L pg/L anepg/L  ylenepg/L anepg/L mg/L
BDG 22

BDG 1 857 0.52 0.38 0.54

BDG 21 37.8 0
BDG 2 17.7

BDG 17 0
BDG 3

BDG 7 13.5 37.4 29.5 16.4 0
BDG 5

BDG 24

BDG 7 0.9 4.6 46.2 38.3 25.2

BDG 16 16.1 0.0009 0
BDG 4 0.6 85 7.5 6.5 85

BDG 4

BDG 16 0.0023 0.0016

BDG 16

BDG 23 0.63

BDG 18 0.6

BDG 8 2.2 0
BDG 8

BDG 9 1.3 0
BDG 28

BDG 20

BDG 20

BDG 10 106

BDG 10 0.046
BDG 30 1.5

BDG 30

BDG 12 240.7 0.061
BDG 10

BDG 15 0.42 0.36

BDG 15

BDG 12

BDG 26

BDG 25 4.01 0

BDG 27
BDG 6 9.1





Appendix 2 (continued)

Ethylbenzene Dibromochl 1,1,Dichloro trans 1,2 Tetrachloro 1,1,1 TCE 1,12

Toluene akaXylene  m&pXylenes Chloroform ~ oromethane Bromoform ~Bromodichl ethylene  Dichloroeth 1,1,Dichloro ethylene  Trichloroeth Trichloroeth Trichloroeth MBAS
well ID Hg/L ne/L Hg/L oXylene pg/L  MTBE pg/L He/L Mg/l He/L oromethane pg/L ene pg/L ethane pug/L pg/L ane pg/L ylenepg/L  ane pg/L mg/L
NOX 29 0.6
NOX 32 0.5
NOX 3
NOX 4
NOX 53
NOX 53 0.9
NOX 31 1.4
NOX 31
NOX 1 0.7
NOX 9
NOX 54 Bl
NOX 51
NOX 51
NOX 7
NOX 12 0
NOX 41 21
NOX 11 (o]
NOX 41
NOX 41
NOX 55
NOX 55
NOX 52 3.8 o]
NOX 43
NOX 12
NOX 51
NOX 50
NOX 50 23
NOX 7
NOX 16
NOX 52
NOX 49 1
NOX 10 0.26 0.29 (o]
NOX 41
NOX 33 15.4 13.9 (o]
NOX 2 10.6 15.7 6.5 20.2 149
NOX 2 0 0.26 1.17 0.44 0 10.4 0.55 0.44 0.65 4.55 0.16 0.17 4.82 4.85 96.5 0.15 0
NOX 35
NOX 35
NOX 5 23.7
NOX 9
NOX 13 11 (o]
NOX 8 0.6 0 0.06
NOX 8
NOX 42 21 0
NOX 15
NOX 36 6.4 0.5 (o]
NOX 14
NOX 14
NOX 14
NOX 6 7.7 1.9 (o]
NOX 27 10.2 2.9 27.1
NOX 21 1.9
NOX 26 15 0
NOX 22 44.7
NOX 22
NOX 24 0.7
NOX 24
NOX 18 103.8 0.03
NOX 28 0.32 (o]
NOX 28
NOX 39 0.5
NOX 39
NOX 39
NOX 19 0.029
NOX 19
NOX 23 198 0
NOX 20
NOX 20 o]
NOX 38 1 o]
NOX 38
NOX 17 162 0.78 3.6 (o]
NOX 17
NOX 40 11 6.2
NOX 40 0
NOX 25

o

(=)





Ethylbenzene Dibromochl 1,1,Dichloro trans 1,2 Tetrachloro 1,1,1 TCE 11,2
Toluene aka Xylene m&p Xylenes Chloroform oromethane Bromoform Bromodichl ethylene Dichloroeth 1,1,Dichloro ethylene Trichloroeth Trichloroeth Trichloroeth MBAS

well ID  pe/t He/L /L oXylene pg/L  MTBE pg/L ne/L He/L ne/L oromethane pg/L ene pg/L ethane pg/L pg/L ane pg/L ylene ug/L  ane pg/L mg/L

Tin 50 1.21 0.09 0

Tin 18

Tin 52 0

Tin 52

Tin 49 1 0

Tin 13 5.13

Tin 23 21.7

Tin 06 3.4

Tin 05 5.1

Tin 24

Tin 01 0.8

Tin 39

Tin 39

Tin 39

Tin 48 0

Tin 47 0.05

Tin 16 4.5

Tin 43 1.8

Tin 08

Tin 22 3.2 0

Tin 20 1.9 0.052

Tin 21 1.6 0

Tin 07 0.9 0

Tin 07

Tin 07

Tin 07

Tin 20

Tin 21

Tin 08

Tin 44 239 0

Tin 42

Tin 42 119

Tin 28 0.71 1.8

Tin 11 0.058

Tin 11

Tin 33 0.029

Tin 26 0.6 0

Tin 26

Tin 27 0

Tin 15 1.2

Tin 30

Tin 30

Tin 53 11.9 0

Tin 46 4.6

Tin 37

Tin 29 0

Tin 29

Tin 29

Tin 45 0

Tin 46 0

Tin 10 0

Tin 25

Tin 34 5.6 0

Tin 19 0

Tin 34

Tin 41 0

Tin 09 0

Tin 35 0

Tin 41

Tin 14 0

Tin 14

Tin 31

Tin 31

Tin 31

Tin 40

Tin 36 0.56

Tin 02 9]

Tin 12

Tin 03 17.6

Tin 28

Tin 04 24.7

Tin 37 0

ocoooo

ocooo

o





Appendix 3
Water Quality Data — Penn State Lab

Summary of drinking water samples tested by the Penn State &gricultural Analytical Services Laboratory submitted from selected cities in Bucks
Co. zip codes 18077, 18920, 15921, 18930, 18542, 18947, 18950, 15353, 18572)

7/1/2007 - 920/ 2023

£3 Total Sampies

mg/L
*For carrasivity index, fallure criteria based on less than -0.5 or greater than 0.5
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Transmissivity, Conductivity, and Storage Coefficient Estimates using 30-minute Groundwater Level Data
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Introduction

The Bridgeton, Nockamixon, Tinicum Groundwater Management Committee (BNTGMC) maintains a
groundwater level (water level) monitoring network [1]. At select well sites, loggers record (or have
recorded) the water level every 30 minutes. With this frequency, water levels can be serendipitously
observed when the well pump is operating. This allows for observing water level drawdown in response
to pumping. Water level recovery after the pump cycles off may also be recorded.

Hydrologists use the parameters transmissivity, conductivity, and storage to understand and predict the
movement of water in aquifers. These parameters can be determined at a limited spatial scale by
observing the response of water level in a single well to pumping out water at a known rate. Data
acquisition includes measuring the groundwater withdrawal rate and recording water level during and
after pumping. Such a test is analogous to a human stress test (Figure 1). Two of these single- well
aquifer tests have been conducted at BNTGMC well sites [2].

Although incidental recording of water level drawdown and recovery during a pumping cycle does not
constitute a designed aquifer test, parameter estimation is possible with added assumptions. The major
assumption is estimating the groundwater withdrawal rate from the well installation record [3], not by
contemporaneous measurement.

Figure 1 Pump Test analogous to Stress Test
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Parameter Estimation Method

Figure 2 is a map of well locations in Northern Bucks County PA, where 30-minute water levels currently
or have been recorded by the BNTGMC. At these locations water level change in response to pump
cycling has been observed.

Figure 2 Site Map of BNTGMC wells in Northern Bucks County
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To illustrate the method, consider Figure 3, a plot of water level drawdown and recovery observed at
the Gruver East Well on 5/25/2021. Steady conditions in response to pumping were maintained for
about 210 minutes. This 30-minute frequency data was recorded during routine BNTGMC monitoring
and was not part of a designed aquifer test.

Figure 3 Observed Drawdown and Recover at the Gruver East Well 5/25/2021
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Transmissivity is estimated using the Theim Solution for steady conditions [4]:

_ Q T2
T 2m(hy—hy) In (rl) (1)

where T is transmissivity, h; is the steady water level (head) measured at the well, r;is the well radius, h;
is the water level at a distance r> from the well, and Q is the withdrawal rate. Drawdown is defined as
hz - h;. For this application, r; is a distance far enough from the well so that h; is not influenced by
pumping, that is h,is the static water level recorded before pumping commenced.

Given the following values: r;=0.25 ft, r, =500 ft, h,- h;=15.3 ft, and Q = 1.34 ft3/min,
T =0.11 ft>/min was obtained applying equation (1).

The values h; and h; are measured, whereas Q is assumed to be the same as that reported by the well
driller upon well construction [3]. Although this estimate of Q is reasonable, it renders the T estimate
somewhat uncertain. The ratio Q/T, however, does not depend on this assumption, therefore, an
independent measurement of Q (requiring homeowner permission) would provide an improved
estimate of T. The distance r; is determined by transient simulation (discussed below) to find a distance
just far enough away from the well so as to not be influenced by pumping. For this application, r, = 500
feet was determined appropriate for all sites.

Conductivity, K is a property of the porous media rather than the aquifer property 7. To normalize,
estimates for K require an estimate of relevant aquifer thickness, b :

K=T/b (2)

For this application, b is approximated by well depth minus the depth to the water table (see illustration
below). Well depth is available from the well construction record [3]. For Gruver East:
b =300-74.7 = 225.3 ft., therefore, K =0.11/225.3 = 4.7 x 10**ft/min.

X






The version of the Theim model for unconfined aquifers is as follows:

— Q T2
K= n(h%— h2) in (rl) (3)

To apply (3) h: and h; are determined with the well bottom as the datum (zero). For this application

there are no significant differences between K estimates obtained with equations (1) and (2) to those

obtained with equation (3) as drawdown is small compared to b.

Estimating the Storage coefficient, S requires calibration of a time dependent model [4]. Figure 4 is a
graph of the calibrated model result (blue line) against the 30-minute data (red points). For T=0.11
ft2/min (from the Theim calibration), S =1.50 x 10*(unitless) provided the best fit at Gruver East. More
frequent data collected during the interval just after pumping commences until steady drawdown is
achieved would improve this calibration. Such data can be obtained with designed aquifer tests by
increasing logger data acquisition frequency during this interval [2]. The model is presented in the
Appendix as well as calibration results for other well sites.

Figure 4 Time Dependent Calibration for Storage Gruver East
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Results

Table 1 is a summary of the calculations for T, K, and S and input data. Figure 5 is a plot of the
conductivity estimates K on a log scale. The values calculated for St. Luke (maximum) and Dark Hollow
(minimum) wells are omitted. The median K value (red dot) is 1.3x1073 ft/min. Although reported, the
anticipated utility of the S estimates is limited due to the limited spatial scale and data frequency.

To provide context, Figure 6 is a comparison of K values to those compiled for various formations. The
vertical lines are the minimum, median, and maximum K values calculated for this study. The Stockton,
Lockatong, and Brunswick Group formations are fractured sedimentary Mesozoic rocks of the Newark
Supergroup which underlies most of northern Bucks County [6]. The range of K values reported for this
study are, therefore, reasonable given the referenced values.





Table 1 Summary of the calculations for 7, K, and S and input data. (click to expand)

land elevation h; ft above h, ft above drawdown

well name latitude longitude ft abovesealevel  Formation T ft"2/min K ft/min S umitless record date Q ft"3/min b ft r ft r ft sea level sealevel h,- h, ft
Bedminster 40.3994 -75.2058 436 BRUNSWICK 6.9E-01 8.4E-03 - 6/6/2021 5.3 82 0.25 500 353.4 362.7 9.4
Brendas Way 40.4974 -75.1733 477 BRUNSWICK 3.0E-01 2.2E-03 2.0E-04 3/30/2020 33 133 0.25 500 238.6 252.3 13.7
Center Hill 40.5449 -75.1657 564 DIABASE 4.1E-02 1.5E-04 - 5/6/2020 0.9 274 0.25 500 467.2 492.9 25.7
Chest. Ridge E. 40.5548 -75.1063 550 DIABASE 1.2E-01 3.7e-04 2.5E-04 7/2/2019 0.9 334 0.25 500 366.4 375.7 9.3
Dark Hollow 40.4269 -75.1374 439 STOCKTON 4.2E-02 8.9E-05 2.5E-03 7/14/2019 0.4 470 0.25 500 387.2 398.8 11.6
Durham North 40.4626 -75.1549 350 BRUNSWICK 6.9E-01 8.4E-03 1.0E-03 3/27/2007 5.3 82 0.25 500 353.4 362.7 9.4
Durham South 40.4554 -75.1508 324 BRUNSWICK 1.3E+00 1.0E-02 1.0E-03 6/12/2013 2.0 130 0.25 500 272.4 2743 1.9
Ervin 40.4471 -75.1265 374 BRUNSWICK 2.6E-02 1.4E-04 5.0E-05 7/22/2014 1.0 185 0.25 500 263.2 309.1 45.8
Gruver East 40.4445 -75.1323 389 BRUNSWICK 1.1E-01 4.7e-04 1.5E-04 5/25/2021 13 225 0.25 500 299.0 3143 15.3
Gruver West 40.4419 -75.1363 379 BRUNSWICK 1.8E+00 8.0E-03 1.5E-03 11/10/2009 1.6 226 0.25 500 304.2 305.3 1.1
Mountain View 40.5165 -75.1999 375 BRUNSWICK 3.8E-02 4.4E-04 5.0E-05 12/21/2010 13 87 0.25 500 449.9 492.1 42.2
Palisades HS 40.5241 -75.1991 593 BRUNSWICK 1.3E+00 5.7E-03 - 3/13/2020 13.4 232 0.25 500 312.5 324.8 12.3
St.Luke 40.4692 -75.1571 375 BRUNSWICK 4.9E+00 1.1E-01 4.0E-07 9/2/2022 33 45 0.25 500 144.3 145.2 0.8
Tabor 40.4892 -75.1677 466 LOCKATONG 1.7€-02 1.2€-04 - 8/15/2014 0.4 142 0.25 500 260.0 288.1 28.2

medians 2.1E-01 1.3E-03 2.3E-04

A blank for S indicates time dependent calibration not possible with 30-minute data.
Q estimated from well record [3] except for Ervin and Center Hill where controlled tests were conducted [2].

Figure 5 Conductivity Estimates
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Figure 6 Conductivity for Various Formations compared to this study (modified from [5])
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Appendix

Calibration results and graphs for the BNTGMC well sites using the Cooper, Bredehoeft, Papadopolos
Model [4]. This model is outlined below.

Brendas Way
16.00
14.00 e
12.00
., 10.00 ft hO 341.31
2 8.00 ftA2/min T 0.296
< 600 s 2.00E-04
2.00 ft rw 0.25
500 ° oo 0.25
0.00 ® PY ga.l/mm Q 25 on well record
0 50 100 150 200 250 min toff 240
tmin Q/T ft 11.3001244
Q ft"3/min 3.342
Chestnut Ridge East
10.00
9.00
8.00
7.00 ft hO 376.65
& 6.00 ftr2/min T 0.122
g 3% s 2.50E-04
< 400
3.00 ft rw 0.25
2.00 ft r 0.25
1.00 gal/min  Q 7 on well record
oo o Min toff 150
tmin Q/T ft 7.67016393
Q ft*3/min 0.93576
Dark Hollow
10.00
9.00
8.00
7.00 o
ft h0 399.81
£ o ° ftr2/min T 0.040
2 5.00
< 400 S 2.50E-03
3.00 ft rw 0.25
2.00 ¢ ft r 0.25
;'22 gal/min  Q 3 on well record
o 50 100 150 200 50 Min toff 390
tmin Q/T ft 10.026

Q ft*3/min 0.40104





h-ho ft

h-ho ft

h-ho ft

Durham North

10.00
9.00
8.00

7.00 ft h0 363.74
6.00 ftrA2/min T 0.690
500 S 1.00E-03
. ft rw 0.25
2.00 ft r 0.25
1.00 gal/min  Q 40 on well record
o o Min toff 390
¢ min Q/T ft 7.74558635
Q ft*3/min 5.3472
Durham South
2.50
ft h0 275.3
ftA2/min T 1.3
S 1.00E-03
ft rw 0.25
ft r 0.25
gal/min  Q 15 on well record
55 | Min toff 150
¢ min Q/T ft 1.54581072
Q ft*3/min 2.0052
Ervin
50.00
45.00
40.00 ft ho 310.06
B, ftA2/min T 0.026
25.00 S 5.00E-05
20.00 ft rw 0.25
. fit r 0.25
5.00 gal/min  Q 7.36 measured
0.00 . min toff 150
- Q/T ft 37.8417231

Q ft*3/min 0.9838848





h-ho ft

h-ho ft

h-h0 ft

1.20

1.00

0.80

0.60

0.40

0.20

0.00

50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00

o

Gruver West

100

tmin

150

Mountain View

200

100

tmin

St. Luke

tmin

150

200

250

250

250

ft h0
ftA2/min T
S
ft rw
ft r
gal/min  Q
min toff
Q/T ft
Q ft*3/min
ft hO0
ftr2/min T
S
ft rw
ft r
gal/min  Q
min toff
Q/T ft
Q ft*3/min
ft h0
ftA2/min T
S
ft rw
ft r
gal/min  Q
min toff
Q/T ft

Q ft"3/min

306.26
1.810
1.50E-03
0.25
0.25

12 on well record
390
0.88627624
1.60416

493.06
0.038
5.00E-05
0.25
0.25

10 on well record
360
34.9033943
1.3368

229.85
4.930
4.00E-07
0.25
500

25 on well record
540
0.67789047
3.342





The Cooper, Bredehoeft, Papadopolos Solution [4].
This solution is implemented with excel for this report

Derived with LaPlace Transform

s ) o

It) =0 t<tyy  pumpon

=1 t>tyy  pump off

4 (” J1(@)Yo(bT) = Y (1)) o(b7)]
S(a,b) = ;L [1 - exp(—arz)]Rdt R== Tzo[ﬁ(t) T ;i(t)f

t< tyy Jn. ., Y, Bessel Functions

a= —_ﬂz t> taff
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Response of Groundwater Level to Precipitation

Arthur L. Baehr
March, 2023

Summary

1. The relation of groundwater level to precipitation was analyzed for two years, 2020 to 2021.

2. Groundwater levels rise from fall to spring when evapotranspiration is low and recharge high.
Conversely, groundwater levels decline from spring to fall when evapotranspiration is high, and
recharge is low. Typical transition dates occur in mid-October (seasonal low) and mid April
(seasonal high).

3. Linear rising and falling limbs of the seasonal cycle indicate steady, integrative response to
precipitation rather than short-term response to individual precipitation events.

4. The location of a monitored well within a flow path, from watershed divide to stream
discharge, is a factor explaining the degree of linear adherence. Well locations farther
downstream respond to upstream recharge variability causing deviation from a linear falling or
rising limb.

5. High frequency, sawtooth-like fluctuations in groundwater level on the order of 2.5 inches and
1.4 per week are attributed to changes in atmospheric pressure rather than precipitation events.,

6. Trendline slopes of falling limbs can be applied to predict groundwater level decline after
seasonal highs. The highest potential for a consequential drought occurs when the seasonal high
is lower than usual because of a dry winter.

7. Seasonal recharge and evapotranspiration rates are estimated using budgets for the Tohickon
Creek Watershed as a follow up to this report.





Introduction

A quick rise in groundwater level in response to a precipitation event implies minimal
unsaturated zone residence time. At the other extreme, groundwater level response to a particular
precipitation event could be undiscernible. Figure 1 is an illustration depicting recharge
variability in a watershed.

Figure 1 — Depiction of Variability in Aquifer Recharge [1]

Groundwater level data collected at the continuously monitored well network (CMN) of the
Bridgeton, Nockamixon. Tinicum Groundwater Committee (BNTGMC) affords the opportunity
to analyze the response of groundwater-level to precipitation events at the locations plotted in
Figure 2. Daily summaries of the 30-minute frequency data provide sufficient resolution for this

purpose [2].

The NOAA weather station at Bucksville was chosen for precipitation data [3]. Precipitation
data is available at other sites in the region, however given its proximity to CMN wells and
record dating back to 1978, Bucksville data suffices for this analysis. Coordinates and other site
information are listed in the Appendix.





Figure 2 Location Map
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Precipitation amount frequencies measured at Bucksville from 1/1/2020 to 1/1/2022 are
summarized in Table 1. For example, a precipitation event exceeding 0.25 inches occurred on
average 4.6 times per month. More precipitation information is presented in the Appendix. The
two-year period 2020 through 2021 was selected to determine the response of groundwater level
to precipitation events.

Table 1 Precipitation Frequencies measured at Bucksville 1/1/2020 — 12/31/2021

>0.01in. >0.25in. >0.50in. >1.0in.
per day 0.33 0.15 0.07 0.02
per week 2.3 1.1 0.5 0.2
per month 10.2 4.6 2.0 0.7
per season 30.5 13.8 6.1 2.0
per year 122.0 55.0 24.5 8.0

Notes: Since 12/1/1978, 4.4% of total precipitation at Bucksville fell as snow, however, the only snow event
recorded from 1/1/2020 to 1/1/2022 was on 2/8/2021 when 5 inches of snow (converted to 0.5 inch water
equivalent) fell. No data was recorded for October 2021.





Change in Groundwater Level and Precipitation

On average groundwater levels increase from sometime in October to April. Transition dates
vary from site to site and year to year. For example, Figure 3a is a graph of daily groundwater-
level data recorded at the Gruver East well along with daily precipitation exceeding 0.25 inches
at Bucksville. Of note, Hurricane Ida dropped 6.68 inches of rain on 9/2/2021. Daily
groundwater levels at Gruver East and other CMN wells are characterized by high frequency
sawtooth fluctuations. These high frequency fluctuations are attributed to changes in atmospheric
pressure, not to frequent recharge and therefore are considered noise (see Appendix).

Figure 3a Groundwater Level at Gruver East and Precipitation
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Figures 3b and 3c are graphs of rising and falling limbs of a seasonal cycle recorded at Gruver
East. Trendlines (regression lines) and R? values (square of the Pearson Correlation Coefficient)
provide a measure of adherence to constant rates of groundwater level rise or fall given by the
trendline slopes (units of feet per day). Adherence to the trendline indicates steady, integrative
change in aquifer storage due to recharge. Deviation from the trendline indicates response to
precipitation events or a dry period. For example, the higher rate of groundwater level rise
experienced from 12/29/2020 to 1/16/2023 on the rising limb (Figure 3b) is due to the rainy
sequence of days from 12/25/2020 to 1/4/2023. The lower rate of groundwater level rise
experienced from 1/17/2021 to 2/14/2021 is due to the dry sequence of days from 1/5/2021 to
2/7/2021.

Referring to the falling limb (Figure 3¢) the lower rate of groundwater level fall from 6/26/2020
to 7/9/2020 is due to weather conditions conducive to higher evapotranspiration. From 8/6/2020
to 8/19/2020 the groundwater level rose within the season of overall decline due to the wet
period from 7/31/2020 to 8/10/2020. With a few deviations from the trendline, the groundwater
level rise and fall at Gruver East are linear as indicated by R? values close to 1.0.





Figure 3b Rising Limb Groundwater Level at Gruver East and Precipitation
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Figure 3c Falling Limb Groundwater Level at Gruver East and Precipitation
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The groundwater level response at Brendas Way has a different characteristic. Consider Figure
4a, a rising limb and Figure 4b, a falling limb. Deviation from the linear trendline is more
frequent and pronounced than for Gruver East. This indicates direct response to more
precipitation events. Table 2 is a list of the CMN sites ranked in order of linear adherence as
measured by R? values. Graphs for all sites are presented in the Appendix.





Figure 4a Rising Limb Groundwater Level at Brendas Way and Precipitation
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Figure 4b Falling Limb Groundwater Level at Brendas Way and Precipitation

Brendas Way

n
N
~

~
)
-

Aep uad sayoui uonendaid
N 1 1 N N 1 N Awﬁv
[T B B B B B
6 " & & = o

L
<@
C)

0.2906

= -0.0159x + 564.27
R?=

Yy
Xy
=

11T |

2.
%

7]
g

145

0 o
M M
A

92e4INS pue| MO|3q 193 [9A3] 191BMpPUNOIS

=)
<
-

-141
-142
-143

<
<
-





Table 2 CMN trendline slopes and R? values

Falling trendline Rising trendline
Well name land elevation seasonal slope seasonal slope
Watershed ft above sea level limb ft per day limb ft per day average
interval R> m interval R? m R?

Chestnut R. E. 569 6/14/2020 0.99 -0.05 11/8/2020 0.97 0.06 0.98
Gallows Run 10/27/2020 12/27/2020

Ervin 374 8/25/2020 0.95 -0.04 11/4/2020 0.93 0.04 0.94
Tohickon/Tinicum 10/9/2020 4/6/2021

Center Hill 568 7/2/2020 0.91 -0.05 10/28/2020 0.96 0.06 0.94
Gallows Run 10/17/2020 4/16/2021

Gruver East 389 5/11/2020 0.82 -0.02 11/7/2020 0.94 0.04 0.88
Tohickon Creek 10/18/2020 4/5/2021

Tabor 466 8/11/2020 0.91 -0.03 11/9/2020 0.81 0.03 0.86
Delaware River 10/26/2020 1/9/2021

Dark Hollow 439 6/17/2021 0.77 -0.02 10/25/2020 0.95 0.05 0.86
Tohickon Creek 10/27/2021 4/12/2021

Palisades HS 593 5/4/2020 0.62 -0.1 9/20/2020 0.90 0.09 0.76
Tohickon/Tinicum 9/24/2020 12/12/2020

St Lukes 375 6/13/2020 0.61 -0.01 10/25/2020 0.76 0.01 0.68
Tohickon Creek 9/20/2020 1/21/2021

Brendas Way 477 4/11/2021 0.29 -0.02 9/27/2020 0.67 0.67 0.48
Tinicum Creek 10/24/2021 12/26/2020

Durham S. 324 4/12/2021 0.04 -0.002 10/9/2020 0.89 0.03 0.47
Tinicum Creek 10/24/2021 11/29/2020

One explanation as to why the groundwater level at a well location is more responsive to
precipitation events is situation within the flow system. Locations farther down a flow path,
starting along the watershed divide and terminating at the receiving stream, could respond to
spatially variable recharge farther up the flow path. Figure 5 consists of graphs of the
groundwater elevations measured at the CMN wells. Land surface elevations, listed on Table 2,
required for this translation were obtained using an USGS online topographic tool [4].

In general, wells located in higher elevations are closer to watershed divides and those located in
lower elevations are closer to streams. Although the ranking according to elevation (Figure 5)
does not exactly match the ranking according to linear adherence (Table 2), the highest
groundwater levels occur Center Hill and Chestnut Ridge East and these sites, both located
within the Gallows Run Watershed, are at the top of the linear adherence ranking. Durham





South and St. Lukes are at the bottom of both rankings further supporting for the flowpath
explanation.

Figure 5 Groundwater Level Elevations
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Drought Prediction

Trendline slopes of falling limbs can be applied to predict groundwater level decline off seasonal
highs. Potential for a consequential drought would increase after a lower than usual seasonal
high experienced after a dry winter. Under such a condition the aquifer reserve storage would be
low. The impact of drought on well production depends on well depth, location within the
watershed, and drought duration. Groundwater level decline may result in the dewatering of
productive fractures resulting in reduced capacity.

Follow up

Seasonal recharge and evapotranspiration are estimated using water budgets for the Tohickon
Creek Watershed in a follow up to this report.
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Appendix

1. Site Location Information

Site information for the Bucksville Precipitation Station can be found at:
Station Details: BUCKSVILLE, PA US, GHCND:USC00361080 | Climate Data Online (CDO) | National

Daily Summaries

Climatic Data Center (NCDC) (noaa.gov)

Click to expand the spreadsheet below for CMN well information

BNTGMC CONTINOUS MONITORING NETWORK (CMN)

345

250

180

300

510

land
Well surface
Owner USGS elevation*
Address Township Quad latitude longitude  (ft) Formation (ft)
593

Center Hill NOCKAMIRIEGELSVI ~ 40.54167 -75.16528 568 DIABASE
Erwin Rd. TINICUM BEDMINST 40.44706 -75.12651 374 BRUNSWI(
Durham Soi TINICUM BEDMINS1  40.45537  -75.15077 324 BRUNSWI(
Gruver Ea:TINICUM BEDMINST ~ 40.44453  -75.13232 389 BRUNSWI(unknown
Gruver W¢TINICUM BEDMINST 40.44192 -75.13627 379 BRUNSWI(
Dark HollcBEDMINSTBEDMINST ~ 40.42688 -75.13741 439 STOCKTOR
Brendas WNOCKAMI:BEDMINS1  40.49744 -75.17333 477 BRUNSWI(

note- this well is an extra well on property and not used

Chestnut FNOCKAMIRIEGELSVI ~ 40.54453  -75.16597 569.0 DIABASE
St Lukes TINICUM BEDMINST 40.46917 -75.15707 375 BRUNSWI(
Twin Silo  PLUMSTE/LUMBERVI  40.37650 -75.09717 553 STOCKTOR

note- this well is an extra well on property and not used

Palisades NOCKAMIRIEGELSVI ~ 40.52407 -75.19907 592.93 BRUNSWI(
revised 12/18/2021

Tabor Rd. NOCKAMI:RIEGELSVI ~ 40.48915 -75.16772 466 LOCKATO!

Bedminste BEDMINSTBEDMINST  40.39942  -75.20583 436 BRUNSWI(

270

345

275

197

500

320

155

bottom

-71

223

124

144

79

-71

207

224

100

356

93

146

281

Measuring

:’f::‘;uve Topof  Bottom well

land casing

surface) (ft) (ft)
1 0 21
1 0 20
1 0 32
1 0
1 0 30
1 0 30
1 0 30
1 0 21
1 0 30
1 0

15 0 50

revised 12/18/2021

of casing diameter

casing

6 STEEL

6 STEEL

6 STEEL

6 STEEL

6 STEEL

6 STEEL

date well
drilled

8/1/1987

12/1/1983

1/1/1972

9/1/1987

1/1/1970

5/1/1979

8/1/1987

1/1/1967

10/1/1972

11/1/1979

4/1/1985

1/1/1968

initial
yield
(gpm)

6.0

15

12

3

N

5

6

N

5

1

o

0

3

40

BNTGMC monitoring

period of record

begin end

11/23/2003 present

11/4/2010 present

6/17/2015 present

3/27/2008 present

12/7/2007 present

12/18/2007 present

10/20/2004 present

9/28/2015 present

12/12/2003 present

4/3/2012 present

10/27/2007 present

3/20/2006 present

12/5/2011 present
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https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/GHCND:USC00361080/detail



2. Precipitation at Bucksville PA 1/1/2020 to 1/1/2022

Table 1 Precipitation Event Frequencies for Bucksville 2020 - 2021

>0.01in. >0.25in. >0.50in. >1.0in.
per day 0.33 0.15 0.07 0.02
per week 2.3 1.1 0.5 0.2
per month 10.2 4.6 2.0 0.7
per season 30.5 13.8 6.1 2.0
per year 122.0 55.0 24.5 8.0

Figure 3 is a graph of precipitation events over 0.25 inches recorded over the two-year period
from 1/1/2020 to 1/1/2022.

Hurricane Ida 9/2/2021
Figure 3 Precipitation at Bucksville PA events over 0.25 inches
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Figure 3a Precipitation at Bucksville PA all recorded events
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Figure 3b Precipitation at Bucksville PA all events over 0.25 inches
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Figure 4 Precipitation at Bucksville PA 2020 - 2021
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3. Atmospheric Pressure Change and Groundwater Level

The change in groundwater level in response to a change in atmospheric pressure is estimated to
be:

Ah = (13.56)AP,t1m
where 4h is in inches and AP,;,, is in inches of Hg. The derivation of equation A1l is as follows:
The water level in a well is the result of the balance of forces on the water column static body:
> F =0implies A[ P-Pum]=A4 pwg(h-z)

where P is the pressure over the open interval of the well, Patm is the atmospheric pressure, p. is
the density of water, gis the gravitation constant, /4 is the groundwater level, z is the elevation of
the open interval of the well, and 4 is the well cross-sectional area.

X

A | Patm
h
< = P
=0 (datum)
Solving for 4 yields: P P-P,,
PnE

h is the hydraulic head and has units of length (energy per unit weight of water). Differentiating

with respect to P yields:
_ —APgim

Ah =
Pwd






In ST units, 4h is in meters m, AP, is in Pascal, p,, = 999. 5 ,and g = 9. 81 — yields:

Ah = —(0.000102) Py
Converting to more convenient units with 39.37 inches per m and 3386.4 Pascals/inch Hg yields:
Ah = —(13.56)4P 1,

where Ah is in inches and 4Py, is in inches Hg.

The following graph is an illustration of this relation. Daily average atmospheric pressure data
used is from Lehigh Valley International Airport in Allentown, PA.
https://www.wunderground.com/history/monthly/us/pa/allentown/K ABE/date/2020-1 The
average magnitude of the calculated, non-zero values of 4h is 2.5 inches.

Groundwater Level Fluctuation due to Daily Atmospheric Pressure Changes
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The table below is a summary of the high frequency sawtooth changes in groundwater levels
measured at the CMN wells. Differences in values can be attributed to well construction and
situation in aquifer. The 2.5-inch average amplitude in groundwater-level predicted above is
similar to the CMN data, therefore, the high frequency sawtooth fluctuations in the groundwater-
level are attributed to changes in atmospheric pressure. This fluctuation can be considered noise.

sawtooth sawtooth

frequency height

(per week) (inches)
Brendas Way 0.7 2.4
Bedminster 1.5 6.0
CenterHill 1.3 2.8
Chestnut Ridge East 1.4 1.7

Dark Hollow 1.6 29



https://www.wunderground.com/history/monthly/us/pa/allentown/KABE/date/2020-1



Durham South 14 1.9
Ervin 1.5 1.8
Gruver East 1.4 1.6
Gruver West 13 1.5
Palisades HS 1.2 6.0
St Lukes 1.6 1.9
Tabor 1.6 5.7
average 1.4 3.0
median 1.4 2.2





4. CMN Graphs of Seasonal Limbs, Trendlines, and Precipitation

The trendline (regression line) slopes for the rising and falling limb graphs below are in units of
feet per day. Note Hurricane Ida dropped 6.68 inches of rain on 9/2/2021.
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groundwater level ft below land surface
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The Precipitation Component of a Local Drought Monitor

Arthur L. Baehr
April 2022

Introduction

Precipitation deficit is the first indicator of a developing drought (Captain Obvious, 5000 BC). The U.S.
Geological Survey (USGS) drought monitor provides real-time graphical depictions of precipitation status
for each County. The graph below, for example, indicates Bucks County has rebounded from late 2021 —
early 2022 drought conditions, according to the moving 90-day total precipitation criteria.

https://pa.water.usgs.gov/apps/drought/.

BUCKS COUNTY PRECIPITATION

USGS PLOT OF NATIONAL WEATHER SERVICE DATA
MOVING 90-DAY TOTAL PRECIPITATION
DATE OF PLOT = 2022-03-27

20 —

PRECIPITATION, IN INCHES

USGS uses National Weather Service (NWS) precipitation data for their drought monitor. NWS is an
agency under the National Oceanic and Atmospheric Administration (NOAA) which is part of the
Department of Commerce. Presumably NWS data throughout Bucks County is used, however, USGS has
not responded to requests to identify specific stations and methodology.

The objective of this report is to evaluate available precipitation data to apply to our local northern
Bucks County drought monitor. The streamflow component of our local drought monitor uses flow data
collected by USGS on the Tohickon Creek at Pipersville. The groundwater component is localized using
the plethora of data collected by the BNTGMC. This report supplements previous local drought monitor
reports (Baehr 2021,2022) available at: http://bntgroundwater.org/the-data/




https://pa.water.usgs.gov/apps/drought/

http://bntgroundwater.org/the-data/



Bucks County Station Locations

The map below shows locations of 7 active NWS stations (blue circles) with periods of records exceeding
22 years. The 8™ NWS station - Neshaminy Falls is out of the frame to the southeast. The yellow circles
are active NWS stations with shorter periods of record. https://www.ncdc.noaa.gov/cdo-
web/datasets/GHCND/locations/FIPS:42017/detail  Also depicted by a yellow circle is the BNTGMC-
sponsored weather station installed at Palisades H.S. in August 2021 https://www.wunderground.com/.
BNTGMC well locations (black points) and the USGS stream gaging station on the Tohickon Creek at
Pipersville (blue diamond) are plotted for reference.
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https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/locations/FIPS:42017/detail
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Precipitation Variability

Longer precipitation records allow for defining normal conditions and drought severity delineations. The
following is a plot of the annual precipitation measured at the 8 Bucks County NWS stations over the
period of record or 30 years (whichever is shorter — see Table above). Philadelphia Airport is included
for regional reference.

Average Annual Precipitation
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The average annual precipitation for the 8 Bucks County sites is 51.9 inches per year (dashed line).
Spatial variability is exhibited as, from left to right, site averages vary from the 8-site average by
14.7,3.5,1.8,1.3,3.3,-2.1,-2.5, and -12.5 percent.

Seasonal or inter-year variability is relevant to drought. The following is a plot of monthly averages.
Considerable variability in monthly averages existsts. The January data for Springtown and February data
for Doylestown Airport are notable outliers.

Average Monthly Precipitation
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Deficits in precipitation from normal over a specified duration define a drought condition. Spatial
variability in such deficits, therefore, are to be considered for our local drought monitor. The following is
a plot of 2021 precipitation vs. the annual averages. The deficits/excesses vary significantly among the
sites, from left to right: -0.4, -25.6, 6.9, 5.2,-12.9, -7.8, 5.1, -2.5, -19.0 percent, respectively. The
Bucksville deficit at -25.6% and the Doylestown Airport deficit at -19.0% could have resulted in different
drought characterizations.

2021 vs. Average Precipitation
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Recommendations

The USGS drought monitor https://pa.water.usgs.gov/apps/drought/ provides real-time graphical updates
of the precipitation condition for Bucks County. This monitor provides a first alert to a drought condition
for which a supplemental analysis of individual station data may be warranted.

In addition to the NWS data from the 7 sites discussed above, current data from NWS stations with
shorter periods of record are available at Sellersville, Quakertown, Riegelsville, and Langhorne.
https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/locations/FIPS:42017/detail.

Starting in August 2021 data is available for the weather station at Palisades HS in Kintnersville, PA
https://www.wunderground.com/. Additional data (albeit spotty) is available from this website at Upper
Black Eddy, Ottsville, Bedminster, Nockamixon Cliffs, and Kintnersville. Although these additional
stations do not have long consistent records, such data could be useful in local refinement of our
monitor given regional drought conditions.




https://pa.water.usgs.gov/apps/drought/

https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/locations/FIPS:42017/detail

https://www.wunderground.com/
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The Ground Water Component of a Local Drought Monitor
Arthur L. Baehr
March, 2022

Introduction

The Bridgeton, Nockamixon, Tinicum Ground Water Management Committee (BNTGMC) collects
ground water level data throughout the three townships. The Continuous Monitoring Network (CMN)
currently consists of 14 monitored wells and the Static Water Level Network (SWL) currently consists of
30 wells at which groundwater levels are measured twice a year, in the spring and fall. The resolution in
ground water level information afforded by this volunteer network is unique. This combined with local
precipitation data and the fortuitous existence of a USGS streamflow station on the Tohickon Creek at
Pipersville allow for a local drought monitor (1). The local drought monitor emulates the four-factor
drought monitor maintained by the Pennsylvania Dept. of Environmental Protection (PADEP) in
cooperation with the U.S. Geological Survey: 1. Precipitation 2. Streamflow 3. Groundwater 4. Soil
Moisture. There is no BNT-specific data to locally refine soil moisture (2).

This abundance of data poses a challenge in reporting the ground water component of the local drought
monitor. (Figure 1). Conciseness and applicability commensurate with the precipitation and streamflow
factors is desired, yet justice to the information available must be maintained. This is accomplished by
collapsing hydrologically redundant information and statistically summarizing results. This report
describes the methods used to accomplish this goal to facilitate local drought monitor updates.

Figure 1 BNTGMC well network locations - access interactive version at:
https://www.google.com/maps/d/edit?hl=en&mid=1 sNHCg3C2gX7TjoViMemPfEmMHN60N2E7&I1=40.500802094841106%2C-75.20825485561866&2=12)

. Continuous monitored (14) . Nockamixon SWL (16) . Tinicum SWL (10) @) Bridgeton SWL (4)
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Groundwater Presentations

Monthly Averages

The groundwater factor of the PADEP/USGS drought monitor uses 30-day moving averages of
groundwater level data measured at various wells in each county of the State. In Bucks County the well
in this network is at the Naval Air Development Center in Warminster Township. Emergency, ,
and status is assigned if the 30-day moving average falls below 5, 10, and 25 percentiles of the
historical record, respectively. Normal status is defined by 30-day moving average is between the 25 to
75 percentiles (2).

For our local groundwater factor, monthly averages are used instead of calculating 30-day moving
averages each day to reduce calculational burden. As an example, the groundwater level at Brendas
Way from May to December 2021 is plotted with that site’ shistorical monthly statistics (Figure 2).
Drought watch (yellow line) conditions were encroached a few times during 2021. Water level data has
been collected at Brendas Way (3) since 10/21/2004. Even though the record at Brendas Way is among
the longest for the CMN, it is uncertain if the historical monthly statistics over this 17+ year record are a
basis for making water conservation recommendations. Continued experience will tell.

Figure 2

Brendas Way
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Well Capacities

Another type of groundwater factor presentation is based on well capacity = 100 x d/dmax Where d is the
distance between the reported water level and the bottom of a well and dmax is the distance between
the maximum water level measured and the bottom of a well. This metric provides a scale relevant to
each well’s situation in the aquifer. It is calculated for the SWL network using bi-annual measurements
adjusted to yearly water level highs and lows (4). Figure 3 are plots of yearly-low well capacities for





example CMN and SWL wells. Lower well capacities were experienced in 2016 but experience will clarify

how this metric translates into drought characterization. How much of well interval dewatering

translates to yield reduction? Table 1 is a summary of well capacity calculations for all CMN and SWL.
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Table 1 Summary of well capacity calculations (click to expand)
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Real time monitoring

A limitation of the BNTGMC network for drought monitoring is data is not available in real time.
BNTGMC aspires to have wifi-enabled recording, but presently CMN data is downloaded on a schedule
of every few months and SWL data is collected twice a year. Real-time water level is available for the
USGS well at Warminster (updated every 15 minutes). These water levels are somewhat correlated with
CMN sites - Center Hill, Ervin, Gruver East and Chestnut Ridge East. . Figure 4 is an illustration of a
prediction of water levels at a CMN site utilizing the trendline equation. Any local drought monitor

report should include reference to the USGS- Warminster site:
https://waterdata.usgs.gov/pa/nwis/uv/?site no=401157075032001&PARAmeter cd=72019

Figure 4
Ervin predicted from USGS Warminster
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A spatially averaged metric

This metric has the appeal of using all CMN and SWL water level data. The spatially averaged water level
across the BNT region can be calculated for each bi-annual synoptic. This is accomplished given the
areas of triangles formed by connecting well location vertices (Figure 5). Unfortunately, due to missing
and/or faulty data, only the light blue shaded triangles allow for spatial average computation over the
period of record. The sub-area covered by the light blue triangles is 15.1 square miles or 44.7 % of the
33.8 square mile total area. Yearly high and low water levels from 2015-2020 are given in Figure 6.
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Figure 5 Triangles formed by connecting well location vertices
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Local Hydrologic Budget

The spatially-averaged metric described above provides a basis for analysis of the local hydrologic
budget. With groundwater as the control volume: change in storage = recharge — baseflow.

This budget assumes vapor loss from the water table and subsurface flow out of the watershed are
negligible. Change in storage over the time between synoptics is obtained by multiplying the difference
between yearly high and low average water levels by an assumed fracture porosity. Assuming fracture
porosity is a weak link. Further budget analysis would involve precipitation and climatic data to model
recharge and streamflow data to estimate baseflow. This budget would be for the 15.1 square mile area.

Figure 7 Groundwater Budget
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Introduction
“... Strike the rock, and water will come out of it for the people to drink ... “ Exodus 17:6

In northern Bucks County nearly all water is supplied by individually owned wells. Additional water
demand resulting from future development such as homes, apartment buildings, nursing facilities,
schools, businesses, and agricultural irrigation will also be provided by owner-installed wells in the
foreseeable future. Wells tapped into the underlying fractured rock aquifer system are of limited
capacity due to flow resistance and low storage characteristics of the fractured rock crevices. For these
reasons the consequence of drought is a fundamental concern. The primary and founding interest of the
Bridgeton, Nockamixon, Tinicum Groundwater Management Committee (BNTGMC) is to monitor
groundwater levels to support drought management.

Existing Statewide Drought Monitor

The Pennsylvania Dept. of Environmental Protection (PADEP) in cooperation with the U.S. Geological
Survey (USGS) maintains a Statewide drought monitor (1). This drought monitor consists of four factors:
precipitation, streamflow, groundwater level, and the Palmer Drought Severity Index (soil moisture).
Figure 1 is a display from the drought monitor website. The drought condition for each county is
depicted with four color-coded quadrants indicating the status of each of the four factors. Green
indicates normal, yellow-watch, orange-warning, and red-emergency conditions. PADEP uses the
emergency, , and stages of drought only as indicators for drought management. Actual
declarations in each county are based upon a review of these parameters in combination with other
considerations. No one parameter or combination of parameters automatically establishes an official
State declared drought.





Pennsylvania Drought Condition Monitoring - November 18 2020
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Figure 1

Precipitation deficit is the earliest indicator of drought. The National Weather Service (NWS) maintains
long-term monthly averages of precipitation for each county (2). These averages are updated at the end
of each decade, based upon the most recent 30 years of data. For Bucks County, streamflow data is
obtained from the USGS gauging station on the Neshaminy Creek near Langhorne (3). Groundwater level
data is collected at only one well on the Naval Air Development Facility in Warminster Township (4).

The Palmer Drought Severity Index is a regional factor calculated for the combined areas of Bucks,
Chester, Delaware, Montgomery, Philadelphia, Berks, Lancaster, and Lebanon Counties (5).

A Local Drought Monitor

A local drought monitor can be developed because of hydrologic data collected in Bridgeton,
Nockamixon, and Tinicum Townships. For precipitation, NWS/NOAA maintains several local weather
stations. For example, stations at Bucksville and Doylestown Airport combined provide precipitation
data going back to 1979 (2). Fortuitously, USGS has maintained a stream gaging station on the Tohickon
Creek at Pipersville since 1936 (3). Local data is not available to refine the Palmer Index.

An abundance of local groundwater level data is available due to the monitoring conducted by the
BNTGMC (6). Digital loggers are deployed at 13 wells, recording water levels every 30 minutes. These 13
wells are referred to as the Continuous Monitoring Network (CMN). Another network consisting of 30
wells is referred to as the Static Water Level (SWL) network. For the SWL network, groundwater levels
are measured twice a year, in the spring and fall to determine the yearly water level high (spring) and
water level low (fall). Figure 2 is a map of the BNTGMC well locations.

. Continuous monitored (13) . Nockamixon SWL (16) . Tinicum SWL (10) @) Bridgeton SWL (4)
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Figure 2 Map of BNTGMC Groundwater Monitoring Locations

The statistical methods used to characterize drought status for the PADEP/USGS Statewide drought
monitor will be emulated by our local drought monitor. For precipitation, drought status depends on the
duration of deficit accumulation as indicated in Table 1 (7).

Table 1

Precipitation Deficit Drought Indicators

Duration of Deficit Drought Watch (- Drought Warning|:I (%Lc;illcgiP;SE?:rrg:l:‘tcgf
Accumulation (Deficit as Percent of (Deficit as Percent of Normal [
(months) Normal Precipitation) Normal Precipitation) Precipitati
recipitation)
3 25 35 45
4 20 30 40
5 20 30 40
6 20 30 40
7 18.5 285 385
8 17.5 27.5 37.5
9 16.5 26.5 36.5
10 15 25 35
11 15 25 35
12 15 25 35

For streamflow, a 30-day moving average of flow is used to determine drought status. Emergency,
, status will be assigned if the 30-day moving average of flow falls below 5, 10, and

25 percentiles, respectively utilizing the USGS record of the Tohickon Creek at Pipersville (7). Normal
status is defined as streamflow between the 25 to 75 percentiles.

For groundwater the same percentile cutoffs used for the streamflow factor define drought status but
for the 30-day moving average of groundwater level (7). There is an abundance of BNTGMC-
groundwater level data, therefore, a method will be developed to summarize the local groundwater
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status with data from select well locations determined to be representative of the local condition. These
well locations will be selected considering location and correlations between groundwater levels
measured at the CMN wells. Groundwater level is measured at the SWL wells only twice a year,
therefore, the SWL network will provide data to spatially refine an actual drought condition.

Real Time Data Availability for Groundwater Level

Presently BNTGMC groundwater level data is not transmitted in real time. Data from the CMN loggers
are downloaded every 2-3 months. This time resolution may not be satisfactory amid an actual drought.
The BNTGMC has considered developing real time capability, however, this would require replacing
functioning loggers and a significant capital investment. This upgrade will not occur in the foreseeable
future, although a protype real time groundwater level location may be deployed sooner than later.

Despite this real time limitation, the current BNTGMC network can be utilized for the local drought
monitor. Local precipitation data and streamflow on the Tohickon Creek are available in real time. The
USGS also reports groundwater level data in real time at the Warminster Naval Air Development Facility.
If any of these factors indicate a drought condition then BNTGMC could conduct a special download of
select network wells to update the groundwater level factor of the local drought monitor.

Figures 3 and 4 illustrate real time drought status reporting for Bucks County for streamflow (Neshaminy
Creek near Langhorne) and groundwater (Observation Well 1020, Naval Air Development Facility,
Warminster Township). Real time data (black line) is superimposed on the drought severity bands. These
displays are available online and will linked to the local drought monitor report (8).





30-Day Moving Average Flow, in Cubic Feet Per Second
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30-Day Moving Average Depth to Water, in Feet Below Land Surface

Figure 4 Warminster Naval Air Development Facility
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Student Intern supported by ECO Bucks

Taylor Rosen, a third-year undergraduate student at Penn State - University Park has been hired as a
student intern to assist Arthur Baehr in developing the local drought monitor. Taylor hails from Ambler,
PA and is majoring in Geosciences and Materials Science and Engineering. Taylor’s internship is
supported by ECO Bucks (9). Geosciences Recruiting - College of Earth and Mineral Sciences, Penn State
worked with ECO Bucks to identify appropriate student interns for this project.

Reference Websites
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http://www.depgreenport.state.pa.us/elibrary/GetDocument?docId=60995&DocName=DROUGHT%20MANAGEMENT%20IN%20PENNSYLVANIA.PDF%20%20%3Cspan%20style%3D%22color%3Agreen%3B%22%3E%3C%2Fspan%3E%20%3Cspan%20style%3D%22color%3Ablue%3B%22%3E%3C%2Fspan%3E%2011%2F9%2F2020

http://www.depgreenport.state.pa.us/elibrary/GetDocument?docId=60995&DocName=DROUGHT%20MANAGEMENT%20IN%20PENNSYLVANIA.PDF%20%20%3Cspan%20style%3D%22color%3Agreen%3B%22%3E%3C%2Fspan%3E%20%3Cspan%20style%3D%22color%3Ablue%3B%22%3E%3C%2Fspan%3E%2011%2F9%2F2020

https://pa.water.usgs.gov/apps/drought/

http://ecobucks.org/
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The BNTGMC Network

The BNTGMC maintains a ground water level monitoring network consisting of 12 active wells across
Bridgeton, Nockamixon and Tinicum Townships (http://bntgroundwater.org/the-data/). Monitoring
devices (loggers) record the level of water in each well. The data allows for monitoring the effect of
drought and seasonal fluctuations of water levels in the local aquifer system. Recently data collected
from the Network has been utilized in developing a scientifically-based draft ground water usage
ordinance (2018) submitted to Nockamixon Township and under consideration by Bridgeton and
Tinicum Townships.

The Network data affords the opportunity to analyze the response of the local aquifer system to stresses
such as increased withdrawals of ground water and prediction of the effects of future droughts as the
number of wells continuously monitored over a local scale is unprecedented. It is prudent to take full
advantage of the capital investment and volunteer efforts of this unique monitoring network as outlined
in the BNTGMC website article:
http://bntgroundwater.org/2018/08/01/application-of-a-local-groundwater-monitoring-network-to-
develop-a-scientific-based-ordinance-to-regulate-land-development-related-groundwater-withdrawal-
from-a-limited-capacity-aquifer-system/

For example, each monitored well provides the opportunity to determine the storage of water within
and the resistance of flow through the fractures of the aquifer system. Quantification of these aquifer
properties are required by mathematical models simulating the movement of ground water. The
properties are referred to as the storage coefficient (S) and transmissivity (T). Knowing the distribution
of these parameters across the local aquifer system is possible because of the Network and could lead
to further understanding of aquifer dynamics via modeling.

What is a Mini-Pump Test?

A Mini-Pump Test is a controlled experiment to determine the parameters S and T at a well location.
Water levels are regularly recorded every 30 minutes at the network wells. This frequency is too coarse
to accurately characterize time dependent water level decline and recovery associated with the
pumping-on/off cycle. This response of the aquifer to pumping is required to determine Sand T. The
Mini-Pump test involves temporarily setting water level recording to a high frequency (on the order of 5
seconds) and measuring water levels through pumping cycles. Simultaneously the rate of water pumped
from the aquifer is measured.

A Mini-Pump test is analogous to a heart stress test. A patient receives regularly scheduled checkups
where the doctor monitors heart performance, analogous to the regular 30-minute recording frequency.
A heart stress test, analogous to the Mini-Pump test, is a special experiment during which heart
performance is monitored in more detail under controlled conditions resulting in additional diagnostic
information.
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A Successful Prototype Mini-Pump test

In May, 2018 the first Mini-Pump test was conducted at the well owned by Bill Ballantine. Riley Murphy,
Mary Lennon, Bill Ballantine, and Art Baehr conducted the test. The test consisted of four phases. During
the first phase the owner was requested to not use water for a period of two hours to establish the
baseline, unstressed water level. The second phase involved discharging water from a garden hose
where the flow rate was measured with a metered bucket and stopwatch for around 10 minutes. The
hose was then turned off for the third phase during which water level rebound was observed. During the
stress and rebound phases, recording frequency was set to 3 seconds. The fourth and final phase
involved observing water level fluctuations over a period of several days during which the well was used
under normal operating conditions and the recording frequency remained at 3 seconds. The recording
frequency was re-set to 30 minutes at the end of the Mini-Pump Test.

Programming the logger for high frequency recording
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Ground Water withdrawal rate measured with metered bucket and stop watch

The best segment of recorded data for determining S and T was at the beginning of phase 4 of the test.
Calibration of this data to the model of flow to a single well of finite radius (Cooper, Bredehoeft,
Papadopolos, 1967) yielded estimates of T = 0.03 ft*/minute and S = 0.0024 (dimensionless). The test
was deemed successful as these parameter values are reasonable for a fractured rock aquifer.

Lessons learned from this prototype Mini-Pump Test will improve the procedure for conducting tests on
other Network wells. For example, it is preferable to avoid on/off pump cycling and have the pump
remain on during the entirety of stress phase 2 of testing. This may be accomplished by discharging
water and measuring flow rate at multiple spigots (if available). Also the 3 second frequency can be
increased during phase 4 of the test.

References

Cooper, Bredehoeft, Papadopolos, Response of a finite diameter well to an instantaneous charge of
water, Water Resources Resources, vol. 3 no. 1, 1967

An Ordinance Of Nockamixon Township Amending Chapter 234 Of The Nockamixon Code Of Ordinances
To Add A New Article That Will Regulate Groundwater Withdrawal Within The Township To Ensure The
Availability Of Reliable, Safe And Adequate Water Supplies To Support Permitted Land Uses Without
Causing Detrimental Impacts To Other Users By Establishing The Standards For The Hydrogeologic
Evaluations To Be Conducted Prior To Drilling New Wells Or Altering Existing Wells; Striking Chapter 228;
And Making Corresponding Amendments To Chapter 196 Regarding Subdivision And Land Development
Requirements, 2018





Dr. Arthur Baehr - Hydrologist, Educator

Dr. Baehr was a research hydrologist at USGS from 1984 to 2008. During his USGS career he taught at
Drexel University parlaying student research with USGS projects. He has a B.S. degree in Mathematics
(1977) and M.S. degree in Environmental Science (1980) both from Drexel. His Ph.D. (1984) in Water
Resources/Civil Engineering was from the University of Delaware.

Since retiring from USGS he worked for PADEP to help manage the implementation of renewable energy
projects. He also served as a visiting professor at Stockton State University and The College of New
Jersey where he taught water resource courses. Dr. Baehr currently is an Adjunct Professor at Villanova
University where he teaches a graduate-level groundwater hydrology course. He also teaches
mathematics part time at Penn State Abington.

Dr. Baehr has consulted with ECO-Bucks and the BNTGMC since May, 2016. He reviewed past
Ordinances of Tinicum Township pertaining to groundwater development. Most recently, he conducted
a review of BNTGMC Network data and mathematical modeling to support the specifications proposed
in the 2018 Draft Ordinance submitted to Nockamixon Township and under consideration by Bridgeton
and Tinicum Townships.
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Application of a local ground water monitoring network to develop a scientific-based ordinance
to regulate ground water withdrawal from a limited capacity aquifer system

Arthur L. Baehr May, 2018
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Introduction

A network of ten wells maintained by the Bridgeton, Nockamixon,Tinicum Ground Water
Management Committee (BNTGMC) allows for detailed understanding of the local aquifer
system (http://bntgroundwater.org/the-data/). Analysis of this data comprised a major part of my
recommendations (Baehr, August 2017) for the scientific-based Ordinance for Nockamixon
Township to regulate ground water withdrawal from a limited capacity aquifer system. A draft
of this Ordinance was completed by Lauren Williams, Esquire of Curtin & Heefner LLP and
submitted to the Nockamixon Commissioners in May, 2018. The Ordinance has also been
submitted to the Tinicum Township Commissioners for consideration.

The Ordinance is comprehensive, addressing water quality testing, stream baseflow and wetland
reduction, and minimum distances between proposed and existing wells and streams. This article
focuses on sections of the Ordinance for which data from the BNTGMC wells provide a
scientific basis for specifications. Also discussed is the future value of the BNTGMC Network in
support of its continuation.

In this part of northern Bucks County nearly all water is supplied by domestic (individually
owned) wells. Additional water demand resulting from future development such as homes,





apartment buildings, nursing facilities, schools, businesses, and agricultural irrigation will also
be provided by owner-installed wells in the foreseeable future. Infrastructure projects such as a
pipeline from the Delaware River and reservoir building are not planned.

Wells tapped into the underlying fractured rock aquifer system are of limited capacity because of
the resistance to flow and low storage characteristics of the fractured rock crevices. The
requirement that additional groundwater withdrawals be sustainable poses a challenge for
devising a water-use Ordinance. Ordinance specifications should not be overly conservative to
needlessly prohibit desirable and sustainable development. Conversely an Ordinance needs to
protect the interests of:

i. Neighbors, as established water supply should not be impacted by added well withdrawal.
ii. The Applicant, as the water demand associated with a new project must be sustainable.
iii. The Township, as liability may be incurred for permitting unsustainable well withdrawals.

Drought is of special concern due to the reliance on individual wells. Water levels fluctuate
significantly with season. Water level decline associated with prolonged drought may reduce
well capacity or, in the extreme, cause a well to go dry. Figure 1 illustrates seasonal water level
fluctuations from one of the wells in the BNTGMC Network. The average annual change in
water level is the difference between the green and orange lines, about 10.5 feet. Minor drought
conditions were experienced in 2008, 2010, and 2016 as water levels dipped below the average
seasonal low. Application of the BNTGMC Network to drought analysis is further discussed in
the last section of this article.

Figure 1 Seasonal Water Level Fluctuations measured at a BNTGMC well
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Other regional-scale concerns are stream baseflow reduction and wetland degradation. Regional
scale concerns are challenging to address in an Ordinance that focuses on individual projects as
the integrative effects of existing and future groundwater withdrawals need to be anticipated. A
network of wells distributed across the region monitors such integrative effects.





Pump Tests

Pump tests are a core component of the Ordinance. A pump test indicates if the aquifer can yield
the desired amount of water from a well at the proposed location. It involves the withdraw of
water from the well under controlled conditions while simultaneously monitoring water level
decline. If available, water level observations at neighboring well(s) provide data to determine
the spatial influence of a proposed withdrawal and if it compromises neighboring well capacity.

Pump testing specified in the Ordinance has four phases: Baseline Assessment, Peak Demand,
Constant Head, and Recovery. The Baseline Assessment Phase determines the initial water level
in the aquifer before pumping (static water level). The Peak Demand Phase determines if the
well can deliver water at a rate associated with peak morning hour usage. The constant head
phase tests the ability of the well to deliver water over an extended time at a rate associated with
the average daily demand with a stabilized water level. The final Recovery Phase determines if
water levels can rebound to the static water level in advance of the next daily cycle.

Failure Standards based on BNTGMC Network data

The Ordinance specifies that during any phase of a pump test, a neighboring well cannot
experience an added water level decline (drawdown) exceeding 2.0 feet. This criterion is more
stringent than specified in previous Ordinances with failure criterion ranging between 3-5 feet.

Data collected from the 12 BNTGMC Network (http://bntgroundwater.org/the-data/) provide
justification for the more stringent requirement. Maximal operational drawdowns, that is
drawdowns measured at the BNTGMC wells during pumping, range from 3.5 to 26.5 ft with a
median of 7.2 ft. Acceptable added drawdown due to a proposed well of 3-5 ft. as stated in
previous Ordinances, therefore is unacceptable because on a percentage basis (using the median
drawdown of 7.2 ft.) the added drawdown would range from 42% to 69% per cent of the
expected operational drawdown at the existing well. Further, modeling of drawdown as a
function of distance from a well indicates that a 2 foot drawdown at a neighboring well would
indicate a tight formation not conducive to groundwater flow. Added drawdown exceeding 2.0 ft.
(28% of the median operational drawdown for BNTGMC Network wells) is cause for the
proposed withdrawal to be rejected.

Data from the BNTGMC Network also allowed for a determination of water level signal noise.
Analysis of BNTGMC water level data during times when the network wells were not pumped
indicates a 0.5 ft threshold of signal noise. Unless added drawdown exceeds 0.5 ft. no influence
of a proposed well on a neighboring well can be inferred. The Ordinance further specifies that
added drawdown at neighboring wells between 0.5 and 2.0 ft triggers further analysis and testing
as drawdown in this range demonstrates definitive influence on the neighboring well.

It has been the expressed desire of the BNTGMC and Township Supervisors that testing and
reporting requirements not be onerous for small (Class 1) projects such as the construction of a
new single family dwelling. The Ordinance specifies projects with withdrawal less than 1000
gallons per day as Class 1 projects. The Ordinance recommends, but does not require pump





testing for such projects. A potential concern arises due to this exemption if an existing well is
located within 1000 ft. of the proposed well location and either the well is not available for
observation or pump testing is not conducted. For example, this situation could arise if the owner
of the existing well does not consent to monitoring. In this case the same failure criterion of 2
feet added drawdown holds, but added drawdown is necessarily predicted with a model. If an
added drawdown of 2 feet or more is projected in any existing unmonitored well, then the aquifer
will be deemed to have insufficient capacity to support the proposed demand and/or extent of
development. The Applicant will be required to review and adjust the proposed withdrawal or
well location to ensure that added drawdown will not exceed 2 feet.

Future Value of the BNTGMC Well Monitoring Network

The BNTGMC Network should be continued as its application extends beyond supporting
Ordinance specifications. The Network is a substantial, hydrologically significant
accomplishment of the volunteers who maintain it. Data collection and archival extending the
record forward is critical for hydrologic analysis requiring long term and continuous records.

One such analysis involves predicting the effects of prolonged drought. As previously
mentioned, drought is of particular concern for the BNT community as water levels potentially
can decline to an extent rendering wells incapable of delivering water demand. Water level
decline due to drought has been partially addressed in the Ordinance by the incorporation of
safety factors defining the relationship between recharge and property area. Drought, however,
is a regional-scale phenomenon. Water use restrictions in response to monitored drought
conditions would, therefore, be supplemental to Ordinance specifications concerning the
permitting of individual wells.

Drought conditions are monitored State-wide by PADEP in cooperation with USGS
(https://pa.water.usgs.gov/) Figure 2 is an example of the composite drought indicator taken from
the website on 10/23/2016. On that date Bucks County was under groundwater watch conditions.

Figure 2 Map of Composite Pennsylvania Drought Conditions- October 23, 2016
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The Bucks County groundwater component of the PADEP drought monitor is based on only two
USGS monitoring wells, one located at the Warminster Naval Air Station and another at
Nockamixon State Park. The BNTGWC groundwater monitoring network consists of 12 wells
strategically located across BNT Townships. This unique dense network allows for a
comprehensive, local, groundwater-specific drought monitor.

The late Robert Stanfield began development of a mathematical model to predict ground water
level as a function of seasonal climatic factors such as precipitation and evapotranspiration. His
modeling approach involved developing the statistical relation between climatic factors and data
from the BNTGMC Network. Completion of this model would allow for region-specific
prediction associated with epoch droughts such as the four-year drought affecting the
Northeastern United States in the 1960s. Extension of the period of record of the BNTGMC
network would allow such a model to be more robust.

Another application of the BNTGMC Network involves detecting subtle unsustainable
withdrawals. Gradual water level decline due to pumping cannot be anticipated for every
possible hydrogeologic setting, even with the benefit of pump testing. Figure 3 is a plot of the
water level record for a well in the BNTGMC Network (http://bntgroundwater.org/the-data/)
Seasonal low water levels gradually declined from 75 feet below land surface in 2003 to 85 feet
below land surface in 2016 for a rate of 0.8 feet/year. This steady decline indicates a local
condition of gradual water mining. This is the only well in the BNTGMC network
demonstrating gradual water mining. Continued monitoring will allow for identifying locations
that could experience gradual decline because of future withdrawals.

Figure 3 Illustration of Subtle Long Term Water Level Decline
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Network wells also provide the opportunity to quantify the transmissivity and storage
coefficients of the aquifer system at the well locations. Transmissivity and storage coefficients
are inputs to ground water flow models. These coefficients can be determined by conducting a
high frequency data collection at a well over a few days. This data collection is referred to as a
mini pump test. Knowing the distribution of transmissivity and storage coefficients over the
aquifer system will support future modeling efforts designed to understand the effect (if any) of
ground water withdrawal on stream baseflow and wetlands at a regional scale.

Recommendations for future projects

Through the process of preparing Ordinance recommendations, | have become familiar with the
hydrologic setting and water-use issues of the BNT region. The projects recommended below are
not part of this Ordinance but suggest direction to enhance understanding of the hydrology of the
BNT region.

Extended New Well Monitoring

A period of extended monitoring for future wells under operational conditions would be of
interest to all (applicant, neighbors, and the Township). A period of 45 days may conform with
existing law. Such a period would provide data to determine if water levels gradually decline at a
rate not anticipated based on satisfactory pump test performance indicating gradual mining and
an unsustainable withdrawal. Depending on legal interpretation, the extended monitoring period
can be probationary to achieve full Township approval or extended monitoring can be voluntary
in exchange for more informed evaluation of the capacity of a new well.

Township Development Map

Larger developments requiring more than 1000 gallons/day can only occur on appropriately
zoned and known substantial tracts of land. By identifying these tracts, local hydrologic
conditions can be accessed via exploratory pump tests to anticipate water development
constraints. GIS layers can show locations of existing wells and estimates of withdrawals from
residences, farms, businesses, and projected developments. This will allow for visualization of
clustered withdrawals and direct future modeling efforts. Clustered development and its
associated water usage density is more of an issue than overall development in the BNT region.

Stream gauges to improve recharge estimation

Re-instate the USGS Tinicum Creek gauge used for the Sloto and Schreftier study (1994) for the
purpose of establishing a long-term, watershed-scale, recharge record. Consider adding another
gauge upstream where the Tinicum Creek exits the diabase. These two gages will allow for
recharge estimates specific to the diabase as well as the portion of the Tinicum Creek Watershed
outside the diabase (Bridgeton Formation) where development is more likely to occur. Recharge
is fundamental to understanding sustainable withdrawal and drought. USGS can be petitioned to
operate such gauges if local funding is available.
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Dr. Arthur Baehr- Hydrologist, Educator

Dr. Baehr was a research hydrologist at USGS from 1984 to 2008. During his USGS career he
taught at Drexel University parlaying student research with USGS projects. He has a B.S. degree
in Mathematics (1977) and M.S. degree in Environmental Science (1980) from Drexel. His Ph.D.
(1984) in Water Resources/Civil Engineering was from the University of Delaware.

Since retiring from USGS he worked for PADEP to help manage the implementation of
renewable energy projects. He also served as a visiting professor at Stockton State University
and The College of New Jersey where he taught water resource courses. Dr. Baehr currently is an
Adjunct Professor at Villanova University where he teaches a graduate-level groundwater
hydrology course. He also teaches mathematics part time at Penn State Abington.

How did I get involved in this Ordinance development? In May 2016 | was contacted by William
Ballantine, representing ECO-Bucks (http://ecobucks.org/), to determine if | could provide an
independent review of past Ordinances of Tinicum Township pertaining to groundwater
development. Together, with the late Robert Stanfield, who represented the BNTGMC, we met
at a Starbucks Cafe in Doylestown to discuss the collaboration. Stanfield and Ballantine made
known their opposition to certain specifications of Tinicum Township’s current Ordinance-228,
however, they insisted, and | pledged, that my assessments were to be scientific and unbiased.

An important day was July 20, 2016 when Robert Stanfield gave me a detailed tour of the BNT
Townships. He showed me locations of BNTGMC Network wells, local streams, and prominent
outcrops. We discussed the local terrain in detail including the wetland area underlain by the
low-permeable formation known as the Coffman Diabase. It took some time to fully appreciate
the extent of the BNTGMC volunteer efforts and this day was the kickoff to this undertaking.
The volunteer monitoring was spearheaded by Stanfield some 12 years ago. His leadership
resulted in a well-designed and unique network without which a scientifically-based Ordinance
would not be possible. Current volunteers are lauded for their community service.
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This is How We Do It-Installing a Well Logger

Data sets are great, but it’s nice to get a look at the equipment too. | joined Mary Lennon as she
reinstalled the logger at Chestnut Ridge East.

First we lift this big heavy rock that’s been hollowed out to house the well head. Usually we use a
little house to protect it.

Then we lay out the logger, which consists mostly of a big cable (more than we need in this case), a
USB hook-up and battery with a processor and memory at the top, and a sensor at bottom. The
sensor can tell how deep underwater it is by sensing the pressure of the water around it. It’s easy to
uncoil the cable with two people, but it can get real tangled up if one person gets distracted by
taking too many pictures.



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_095539.jpg



Whoops, got a little tangled up there. It’s allin now, this is just the slack hanging out. We lowered
the sensor end down with finesse, making sure not to get it snagged on anything. We need it just

deep enough that it’s constantly submerged but doesn’t go out the the ~30' range. 10-20'deep is
pretty good.



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_095913.jpg



The sensor only knows how deep underwater it is, so we need to ping the well level to calibrate the
initial logger measurement (like a submarine pinging to calibrate its depth).



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_103025.jpg



We clamp some thicker hosing around the cable which will hold it in place.



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_102747.jpg



And install a cap that’s been notched out for the cable. We plug up the extra gap with a little caulk.



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_102729.jpg
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Now we coil it up and we’re ready to lift the rock back on.



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_102859.jpg



re in business!

’

Set the logger to collect a measurement every 30 minutes and we



http://bntgroundwater.org/wp-content/uploads/2018/04/20180421_103419.jpg
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Hydrologic Budgets and Seasonal Trends - Tohickon Creek Watershed
Arthur L. Baehr
January 22, 2026

Summary
This is an update to the previous report with 2025 and select past years added.

1. Hydrologic budgets for the Tohickon Creek Watershed are presented for the 13-year period
2013 through 2025. Also reported are budgets for the historic drought of 1963 to 1966 and the
wet years 2003 and 2011 to provide historical context.

2. Streamflow on the Tohickon Creek at Pipersville, precipitation across Northern Bucks County
and groundwater level data are publicly available online to construct annual and monthly
watershed budgets.

3. Average annual recharge from 2013 through 2025 is 9.9 inches for the Tohickon Creek
Watershed. The minimum over this 13-year period was 6.1 inches in 2016. The maximum was
16.8 inches in 2018. In 1965 during the historic drought that persisted from 1963 to 1966 the
annual recharge was 4.2 inches and the average annual recharge during the drought interval was
4.9 inches. At the other extreme, annual recharge was 15.6, 14.8, and 16.8 inches for the years
2003, 2011, and 2018 respectively. Similar results are expected for the adjacent Tinicum Creek
Watershed.

4. Average annual precipitation from 2013 through 2025 was 48.2 inches. Streamflow exiting the
watershed at Pipersville was 48.7% of precipitation and comprised of 66.0% storm runoff and
34.0% baseflow. Average annual evapotranspiration was 51.6% of precipitation.

5. During four cooler months, December through March, 29.7% of annual precipitation, 58.8%
of annual recharge, and 7.6% of annual evapotranspiration occurs.

6. During four warmer months, July through October, 36.5% of annual precipitation, 10.6% of
annual recharge, and 57.7% of annual evapotranspiration occurs.

7. During four intermediate months, April through June, and November, 33.8% of annual
precipitation, 30.5% of annual recharge, and 34.7% of annual evapotranspiration occurs.

8. Therefore, precipitation during cooler months is most effective in replenishing the aquifer. Dry
cooler months can lead to subsequent drought conditions in the following warmer months as
groundwater levels drop from a lower seasonal high.

9. On average from November through April, recharge is greater than the sum of streamflow
exiting the watershed and evapotranspiration, resulting in increasing groundwater levels.

10. On average from May through October, recharge is less than the sum of streamflow exiting
the watershed and evapotranspiration, resulting in decreasing groundwater levels.

11. In any year November, April, May, and October. can be groundwater level transition months.





12. During the four warmer months, baseflow is low and less variable relative to other months. It
is postulated that this baseflow level is due to longer, steadier groundwater flow paths
discharging to Tohickon Creek throughout the watershed.

13. Subsequent years added to the analysis will increase understanding of the variability in the
local hydrologic cycle in response to drought and other climatic conditions.

The Tohickon Creek Watershed and Monitoring Locations

Figure 1 is a map of the study area encompassing the Tohickon Creek and Tinicum Creek
Watersheds. Tohickon and Tinicum Creeks flow to the Delaware River as do the smaller streams
in the northeastern part of the study area. Above the USGS gauge station on the Tohickon Creek
at Pipersville lies 97.4 square miles of the Tohickon Creek Watershed. This active gauge station
has been in operation since July, 1935 [1]. There is no active gauge station on Tinicum Creek,
however, USGS operated one there from 1991-1992 [2].

The three maroon circles near the eastern edge of the Tohickon Creek Watershed are locations of
wells where groundwater levels are monitored every 30 minutes by the Bridgeton Nockamixon
Tinicum Groundwater Management Committee (BNTGMC). The BNTGMC monitors
groundwater levels at other sites, however, these three wells are situated within the Tohickon
Creek Watershed. The red circle is the location of the USGS well at Nockamixon Sate Park for
which continuous groundwater level data is available since November, 1967 [3]. Precipitation
station locations are denoted by the purple outlined circles.
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Figure 1 Tohickon Creek Watershed Map with Monitoring Sites [5]
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Watershed Budgets

Watershed budgets quantify the fate of precipitation. A control volume is selected to apply the
conservation of mass principle, (water in) — (water out) = (change in storage), for a specified
duration as follows:

P — (SF + ET + W) = AGWS + ASWS + AUWS (1)

Where: P is precipitation, SF is streamflow, ET is evapotranspiration, W is withdrawals, AGWS
is change in groundwater storage, ASWS is change in surface water storage, and AUWS is
change in unsaturated zone storage. For annual budgets beginning on January 1 and ending
December 31, ASWS and AUWS are assumed negligible. Lake Nockamixon is a large feature
within the watershed, however, neglecting ASWS is reasonable. Likewise, AUWS is assumed
negligible as no data is available for AUWS [2]. Figure 2 is a schematic illustration of the
components of a watershed budget.

Figure 2 Schematic of the Components of a Watershed Budget
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For the Tohickon Creek Watershed, W is essentially comprised of groundwater withdrawal as
surface water use is negligible. There is a need to regulate withdrawals, for example, wells
placed too close to each other can result in local-scale drawdown deleterious to supply
sustainability. For constructing a watershed-scale budget, however, W can be neglected as it is
small compared to P, SF, and ET (equation 1). Consider that P = 45 inches/year falling over the
97.4 square mile Tohickon Creek Watershed is equivalent to 7.6 x 10'* gallons/year. This is
equivalent to the water supply for about 1 million people assuming water usage of 200
gallons/person/day. The minimum streamflow on the Tohickon Creek at Pipersville between
2013 and 2022 was SF = 2.1 x 10'° gallons/year in 2016 or equivalent to the water supply for
about 275,000 people. ET is on the order of SF as discussed below. There are about 15,000





people residing in the Tohickon Creek Watershed. Furthermore, groundwater withdrawal
discharged to septic fields will ultimately contribute to SF or ET.

With these assumptions, annual watershed budgets are approximated by the simpler version of
equation (1):

P=SF+ET +AGWS )

The data and methods used to estimate P, SF, and AGWS are presented in the Appendix. ET is
calculated by difference, as such ET estimates include the cumulative errors of assumptions and
data uncertainty. ET estimates are, however, assumed representative of the magnitude of this
pathway.

Total streamflow SF is comprised of baseflow BF and storm runoff SRO :
SF =BF + SRO 3)

BF is the component of SF attributed to groundwater discharge to the stream. All groundwater
flow paths, short and long contribute to BF (Figure 2). SRO, also called overland flow, is
streamflow exceeding baseflow attributed to a precipitation event (ie. storm). The hydrograph
separation technique used to determine BF and SRO is presented in the Appendix. Upon
determining BF, recharge R can be estimated by selecting the aquifer as the control volume and
applying the conservation of mass principle:

R =BF + AGWS + GWET (4)

where AGWS is the change in aquifer storage and GWET is evapotranspiration from the water
table to the unsaturated zone. AGWS is determined by multiplying groundwater level change by
specific yield (see Appendix). GWET was estimated for the Brunswick Formation to be a
constant 2 inches/year [2]. Recharge is the component of the hydrologic cycle of primary
interest in a watershed relying on groundwater supply as it is the amount of water replenishing
the aquifer (Figure 2).

Table 1 is a summary of annual budgets from 2013 to 2025 along with budgets for select extreme
drought and wet years. The average annual recharge from 2013 through 2025, R=9.9 inches, is
20.4% of the average annual precipitation of 48.2 inches.

Representative of prolonged serious drought are the recharge values averaging R=4.9 inches for
1963 through 1966. At the other extreme, annual R was 15.6, 14.8, and 16.8 inches for the years
2003, 2011, and 2018 respectively

For comparison, Sloto and Schreffler [2] reported average annual values of: P =47.2, SF =22.6,
and ET = 24.3 for the 24 years from 1968 to 1991. They did not report recharge values, probably
because of the work involved in baseflow separation (see Appendix).





Table 1 Annual Budgets - Tohickon Watershed 97.4 square miles above Pipersville, PA

all values in inches

Total Evapotranspi groundwater groundwater
Precipitation Baseflow Storm Runoff Streamflow ration storage change evaporation Recharge
1963 34.0 3.7 6.3 9.9 24.0 -1.8 2.0 5.0
1964 35.8 4.1 10.1 14.3 21.5 -1.7 2.0 5.4
1965 31.1 4.2 4.3 8.5 22,5 -2.0 2.0 4.2
1966 40.7 4.3 7.6 11.8 28.9 -1.5 2.0 4.8
average 1963
to 1966 35.4 4.1 7.1 11.1 24.2 -1.7 2.0 4.9
2003 54.8 12.6 25.9 38.4 16.4 1.0 2.0 15.6
2011 66.1 11.7 304 42.1 239 1.1 2.0 14.8
2013 53.1 8.5 15.0 23.5 29.3 0.3 2.0 10.8
2014 53.0 8.1 18.1 26.2 27.9 -1.0 2.0 9.0
2015 46.0 6.3 8.5 14.9 31.1 0.0 2.0 8.3
2016 39.8 5.5 7.1 12.6 28.6 -1.4 2.0 6.1
2017 43.8 7.3 10.3 17.6 24.7 1.4 2.0 10.8
2018 59.4 13.2 27.9 41.1 16.7 1.6 2.0 16.8
2019 53.7 10.4 22.3 32.7 23.0 -1.9 2.0 10.5
2020 50.4 8.4 19.2 27.6 22.3 0.5 2.0 10.9
2021 49.3 7.4 16.5 239 25.1 0.2 2.0 9.6
2022 46.6 8.4 15.3 23.6 23.6 -0.6 2.0 9.8
2023 49.0 6.8 17.2 24.0 24.5 0.6 2.0 9.4
2024 41.7 7.8 12.8 20.5 22.8 -1.6 2.0 8.2
2025 40.9 5.9 11.4 17.3 23.5 0.1 2.0 8.0
average 2013

to 2025 48.2 8.0 15.5 23.5 24.8 -0.1 2.0 9.9
% P 100.0 16.6 32.1 48.7 51.6 -0.3 4.1 20.4

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - grounwater storage change
BF - baseflow SRO - storm runoff GWET - groundwater evaporation R - recharge
P =SF + ET + AGWS

watershed budget:

Recharge values are plotted in Figure3.

Figure 3 Recharge Tohickon Creek Watershed 2013-2025 with reference years
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Watershed Budget Comparisons

Comparison to other watershed budgets is useful for determining transfer value of the Tohickon
Creek budgets. Currently the Tohickon Creek at Pipersville is the only USGS gaging station in
the region. Sloto and Schreffler [2] estimated recharge for watersheds in Northern Bucks County
(Table 2) from 1991 to 1992. They found recharge values for the Tinicum Creek and Tohickon
Creek Watersheds were similar. This is relevant much of Nockamixon and Tinicum Townships
reside in the ungauged Tinicum Creek Watershed. It is reasonable (necessary) to assume budgets
for the Tohickon Creek Watershed can approximate those for the Tinicum Creek Watershed.

Table 2 Comparison of Recharge in Northern Bucks County Watersheds 1991 - 1992
all values in inches

R BF inches AGWS GWET
Tohickon 1991 7.7 6.9 -1.2 2.0
Creek 1992 9.1 6.5 0.6 2.0
average r 8.4 6.7 -0.3 2.0
Tinicum 1991 8.2 6.7 -0.5 2.0
Creek 1992 8.6 6.6 0.0 2.0
average 8.4 6.7 -0.3 2.0
Cooks 1991 12.4 11.1 -0.7 2.0
Creek 1992 9.9 7.7 0.3 2.0
average 11.2 9.4 -0.2 2.0
Paunnacussing 1991 12.4 11.3 -0.8 2.0
Creek 1992 121 9.5 0.6 2.0
average 12.3 10.4 -0.1 2.0
Mill 1991 8.2 8.2 -2.0 2.0
Creek 1992 8.2 6.1 0.2 2.0
average 8.2 7.2 -0.9 2.0
5 basin average 9.7 8.1

R- recharge BF-baseflow precipitation AGWS - change in grounwater storage GWET - groundwater evapotranspiration
Data for Tinicum, Cooks, Paunnacussing, and Mill Creeks from Sloto and Schreffler [2]

Monthly Budgets and Seasonal Trends

Monthly budgets were calculated to quantify seasonal trends. Baseflow separation of
hydrographs is required to produce monthly budgets. Baseflow separation is explained, and
monthly budgets from 2013 through 2025 are tabulated in the Appendix. Slightly negative values
for R and ET are due to method approximation errors. Negative values can be considered
negligible. R is higher in cooler months when ET is lower, and R is lower in warmer months
when ET is higher [4].

Figure 4 is a graph of the average monthly R and ET values by month from 2013 through 2025.
Table 3 is a summary corresponding to Figure 4 with the year partitioned into 3 parts: cooler
December through March, intermediate April through June and November (4,5,6,11), and
warmer July through October (7,8,9,10). Each partition is about 1/3 of the year.





Figure 4 Average Recharge and Evapotranspiration 2013 to 2025
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Table 3 Seasonal Distribution of Tohickon Creek Watershed Budget averages 2013 to 2025

months Pinches P % Rinches R % ET inches ET %
12,1,2,3 14.3 29.7 5.8 58.8 2.8 11.3
4,5,6,11 16.3 33.8 3.0 30.5 8.4 33.9
7,8,9,19 17.6 36.5 1.0 10.6 13.6 54.7
total 48.2 100.0 9.9 100.0 24.9 100.0

During the cooler season 58.8 % of annual R occurs, during the warmer season 10.6 % of annual
R occurs, and during the intermediate season 30.5 % of annual R occurs. Precipitation falling
during cool months, therefore, is more effective in replenishing the aquifer than other months.
Dry cooler months can lead to subsequent drought conditions in warmer months as groundwater
levels drop from a lower seasonal high condition. Recharge is higher and more variable in the
cooler months because ET is low.

Referring to Figure 4, R during warmer months is significantly lower and less variable than for
other months. Increased ET renders precipitation less effective in contributing to recharge for
many storms during this season. It is postulated that baseflow to Tohickon Creek in warmer
months is mostly attributed to longer, steadier flow paths in the aquifer system. Recharge from
June through September averages 10.6 % of the yearly total.





Figures 5a and 5b are depictions of the 13-year average water budget for the Tohickon Creek
Watershed. Total streamflow SF and Evapotranspiration ET are nearly equal at 51.6% and 48.7%
of precipitation, respectively (Figure 5a).

Figure 5a average annual Tohickon Creek Watershed Budget 2013-2025
Values are % of average annual precipitation P =48.2 inches

m total streamflow SF = Evapotranspiration ET

Breaking down total streamflow SF, it is comprised of 66.0 % Storm Runoff SRO and 34.0 %
Baseflow BF (Figure 5b).

Figure 5b Components of Total streamflow average 2013-2025
Values are % of Total streamflow SF=23.5 inches

® Baseflow BF ® Storm Runnoff SRO





References

[1] Tohickon Creek at Pipersville Streamflow data is available online:
https://waterdata.usgs.gov/pa/nwis/uv/?site no=01459500&PARAmeter cd=00065.00060,00010.

[2] Sloto, R.A. and Schreffler, C.L. 1994, Hydrogeology and ground-water quality of Northern
Bucks County, Pennsylvania, U.S. Geological Survey Water-Resources Investigations Report
94-4109.

[3] USGS observation well BK 929 a Nockamixon State Park Groundwater level data available

online:
https://waterdata.usgs.gov/nwis/uv?site_ n0=402643075150501&legacy=1

[4] Captain Obvious, personal communication.

[5] Tohickon Creek Watershed Google Map with Monitoring Sites:

https:/www.google.com/maps/d/u/0/edit?mid=1iq-DxymkV91PNStwtxaCsy NkN4dqBM&I1=40.48766251162416%2C-75.42152482841796&z=11




https://waterdata.usgs.gov/pa/nwis/uv/?site_no=01459500&PARAmeter_cd=00065,00060,00010

https://www.google.com/maps/d/u/0/edit?mid=1iq-DxymkV91PNStwtxaCsy_NkN4dqBM&ll=40.48766251162416%2C-75.42152482841796&z=11



Appendix
Precipitation

Table Al is a list of the precipitation values P used in the Tohickon Creek Watershed budgets.

Table Al Precipitation P inches/month

2025 2024 2023 2022 2021 2020 2019 2018 2017 2016 2015 2014 2013 average
JAN 0.3 6.2 4.6 1.8 1.8 25 4.0 25 3.9 3.5 3.6 3.8 4.2 3.5
FEB 25 1.9 1.4 3.7 3.7 3.2 2.7 5.9 15 4.7 23 5.8 27 3.3
MAR 2.8 6.3 25 3.8 3.8 3.6 4.0 3.6 3.8 1.4 5.7 3.6 3.1 3.8
APR 3.9 43 3.0 1.6 1.6 4.7 3.8 4.2 3.7 2.6 23 43 3.6 3.3
MAY 10.6 3.8 1.7 3.9 3.9 29 9.0 a7 5.0 4.3 0.3 9.0 4.0 4.4
JUN 3.4 2.5 4.4 5.1 5.1 29 6.0 3.1 3.7 21 8.6 4.6 8.1 4.7
JuL 4.5 27 6.6 4.8 4.8 6.0 71 6.2 6.2 6.3 4.5 6.1 9.4 5.9
AUG 2.8 5.0 4.0 6.5 6.5 9.2 2.8 7.9 5.0 3.0 3.7 2.0 6.3 I 5.1
SEP 18 1.7 75 104 10.4 33 1.6 7.0 2.7 3.2 4.0 2.0 2.6 ! 4.7
ocT 3.9 0.0 13 4.6 4.6 34 6.3 3.0 5.1 2.2 3.9 3.2 1.7 r 3.3
Nov 21 2.9 3.2 13 13 3.1 28 8.9 1.6 24 19 4.5 28 r 3.0
DEC 24 4.8 8.8 17 1.7 5.7 3.7 2.5 1.4 4.1 5.1 4.2 4.7 r 4.0
total r
inches/year 40.9 42.0 49.0 493 49.3 50.4 53.7 59.4 43.8 39.8 46.0 53.0 53.1 49.7

Table A1l lists median values reported for the weather stations listed in Table A2. Locations are
plotted in Figure 1. Using medians from multiple stations gives a better representation of
precipitation falling over the entire watershed. Data is not available for all stations for all months
and unrealistic outlier values were rejected.

Table A2 Weather Stations in Bucks County used in Watershed Budget Calculations

record
available

elevation online

lat long feet name since
40.4999 -75.2041 387  Bucksville 1978
40.5711 -75.2781 860 Springtown 1NNE 1991

40.46313 -75.3281 521  Quakertown 1.9NNE 2014
40.4803 -75.3755 562  Quakertown 3.2 NN\ 2019
40.49501 -75.0867 267  Riegelsville 9.1 SE 2020

40.379 -75.2802 390  Perkasie 0.8NE 2020
40416 -75.195 460  Perkasi 2008
40.533 -75.209 509 Traugers X 2011
40473 -75.169 495  Ottsville 2020
40.52407 -75.1991 605 Palisades HS 2021

NOAA longer record https://www.ncdc.noaa.gov/cdo-web/datasets/GHCN D/ stations/GHCND:USC00361080/detail

NOAA shorter record https://www.ncdc.noaa.gov/cdo-web/datasets/GHCN D/ stations/GHCND:US1PABK0033/ detail

Wunderground https://www.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAPERKA3/graph/2020-01-19/2020-01-19/monthly
https://www.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAKINTN2/table/2020-01-4/2020-01-4/monthly
https://www.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAOTTSVE?cm_ven=localwx_pwsdash
https://fwww.wunderground.com/ https://www.wunderground.com/dashboard/pws/KPAKINTN12/table/2022-03-28/2022-03-28/monthly

The dependence of precipitation on elevation is an incidental finding of this study. Table A3 is a
list of stations (in addition to Bucksville and Springtown listed on Table A2) with records long
enough to determine long-term annual precipitation averages. Annual averages were plotted and
contoured to produce Figure Al. Doylestown Airport was omitted as it was deemed a low
outlier. Annual precipitation increases in the northwest direction corresponding to increasing
elevation (Figure A2). Annual precipitation increases approximately 1 inch per 100 feet
increased elevation within the confines of the watershed.





Table A3 Additional Regional Weather Stations used for Precipitation Dependence on Elevation

record
available avg
elevation online annual
lat long feet name since inches
40.3596 -74.9446 68 Lambertville NJ 1931 50.8
40.3552 -75.3131 383 Sellersville 1948 53.6
40.3483 -75.2862 390 Perkasie 1.6 SSE 1998 52.8
40.33015 -75.1228 395  Doylestown Airport 1999 45.4
40.2893 -75.0931 256  Furlong 1998 50.6
40.1483 -74.953 40 Neshaminy Falls 1915 52.6

https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/locations/FIPS:42017/detail#stationlist

Figure A1 Average Annual Precipitation Contour Lines in inches
(contours were generated using the software package Surfer https://shop.goldensoftware.com/)
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Baseflow separation

Flow in the Tohickon Creek at Pipersville, SF is available online:
https://waterdata.usgs.gov/pa/nwis/uv/?site_ no=01459500&PARAmeter cd=00065.00060,00010

Average daily values were used to generate hydrographs to provide graphs to accomplish
baseflow separation: BF = SF — SRO (equation 3). Figure A3 is an example hydrograph. During
spikes in SF resulting from storms, BF is assigned by linear interpolation between points at the
beginning of the storm and the end of the spike. This technique is referred to as the straight line
method (https://serc.carleton.edu/hydromodules/steps/baseflow_separa.html). During periods
between storms baseflow is assigned the total flow. Generally, several days pass before baseflow
conditions are re-established after a storm.

To complete a monthly budget, SRO and BF values for the month are determined by numerical
integration to determine the volumes passing Pipersville in cubic feet. Then the volume is
divided by watershed area (97.4 square miles = 27,878,400 square feet) and converted to express
in terms of inches. The budgets reported here are archived in the workbook: Tohickon Watershed
Budgets.xlsx located on the BNTGMC shared google drive.



https://waterdata.usgs.gov/pa/nwis/uv/?site_no=01459500&PARAmeter_cd=00065,00060,00010

https://serc.carleton.edu/hydromodules/steps/baseflow_separa.html
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Figure A3 Hydrograph Tohickon Creek @ Pipersville

/\ ]\\ B0 . A
\7\,/ \7\,/ JQ/ \79/ \79/ \79/ \79/ \79/
8\9 ")0 S o S 80 9\9 ")0
Z 2~ Z < <z 2~ 2~ 2
<0 <0 <0 % 0 0 0 <0 <0
2o % % & % 2o 8 Zp Zs
—@—SF Dec. 2013 BF baseflow

Groundwater Storage

Change in groundwater storage is calculated by multiplying specific yield by the change in
groundwater level: AGWS = Sy(AGW). Sloto and Scheffler [2] estimated changes in
groundwater level over the entirety of the Tohickon Creek Watershed using data from one well,
the USGS observation well BK929 at Lake Nockamixon State Park:
https://waterdata.usgs.gov/pa/nwis/dv/?site_n0=402643075150501&agency cd=USGS&amp;referred module=gw
BK929 is situated in the Brunswick Formation. They also assumed the constant value Sy = 0.02
(unitless) to represent the specific yield for the Brunswick Formation near the water table.

The BNTGMC monitors groundwater levels every 30 minutes at ten wells, three of which are
within the Tohickon Creek Watershed and situated in the Brunswick formation. These wells are
called Ervin, Gruver East, and St Lukes. Referring to Figure 1, the BNTGMC wells are located
close to the eastern boundary of the Watershed. Well information is provided on Table A4.

Table A4 Well Information (lenghts in feet)

land * depth to hydrologic HUC 12
latitude longitude elevation well depth groundwater unit watershed
40.4471 -75.1265 374 250 70 Brunswick  Tohickon
40.4445 -75.1323 389 unknown 82 Brunswick  Tohickon
40.4692 -75.1571 375 275 145 Brunswick  Tohickon
40.4451 -75.2504 487 116 40 Brunswick  Tohickon

* representative





Monthly Budgets Tohickon Creek Watershed 2013 through 2025

Note GWET = 2/12 = 0.17 inches assumed for each month

Storm
Precipitation Baseflow Runoff ET AGWS R
2025 inches inches inches inches inches inches
JAN 0.30 0.33 0.25 -0.15 -0.13 0.37
FEB 2.53 0.44 1.09 0.87 0.13 0.73
MAR 2.79 0.67 0.75 1.13 0.24 1.08
APR 3.88 0.95 2.56 0.04 0.34 1.45
MAY 10.56 1.15 4.51 4.40 0.50 1.81
JUN 3.39 0.82 0.59 2.08 -0.10 0.88
JUL 4.51 0.44 0.40 3.77 -0.11 0.50
AUG 2.80 0.29 0.24 2.62 -0.35 0.102
SEP 1.77 0.13 0.01 1.97 -0.35 -0.047
oCT 3.87 0.17 0.00 3.84 -0.14 0.19
NOV 2.10 0.16 0.27 1.78 -0.11 0.21
DEC 241 0.37 0.74 114 0.15 0.69
total 40.91 5.91 11.42 23.51 0.06 7.98
% 100.00 14.46 27.92 57.47 0.15 19.50

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R =BF + AGWS + GWET





Precipitatio Baseflow Storm Runoff ET AGWS R

2024 ninches inches inches inches inches inches
JAN 6.20 1.53 4.69 -0.38 0.36 2.06
FEB 1.94 1.27 0.56 0.07 0.04 1.47
MAR 6.28 2.19 3.73 -0.01 0.38 2.73
APR 4.00 1.17 3.00 -0.18 0.02 1.35
MAY 3.75 0.54 0.15 3.45 -0.39 0.32
JUN 2.53 0.25 0.19 2.47 -0.37 0.04
JUL 2.66 0.11 0.01 2.98 -0.43 -0.16
AUG 5.01 0.14 0.07 5.11 -0.31 0.00
SEP 1.67 0.10 0.00 2.02 -0.46 -0.19
oCT 0.01 0.12 0.00 0.16 -0.28 0.01
NOV 2.90 0.13 0.01 2.92 -0.16 0.13
DEC 4.75 0.22 0.35 4.15 0.03 0.41
total 41.70 7.76 12.76 22.75 -1.58 8.18
% 100.00 18.61 30.61 54.57 -3.78 19.62

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+AGWS aquifer budget: R =BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R

2023 inches inches inches inches inches inches
JAN 4.55 1.62 2.48 0.15 0.30 2.09
FEB 1.44 0.62 0.13 0.53 0.15 0.94
MAR 2.55 0.78 1.32 0.02 0.43 1.37
APR 2.96 0.38 0.40 2.19 0.00 0.54
MAY 1.71 0.31 1.45 0.33 -0.38 0.10
JUN 4.40 0.15 0.04 4.37 -0.16 0.16
JUL 6.64 0.40 1.79 4.46 0.00 0.56
AUG 3.99 0.29 0.11 3.68 -0.09 0.37
SEP 7.51 0.32 1.75 5.44 0.0062 0.49
ocT 1.33 0.38 0.16 0.78 0.0118 0.56
NOV 3.15 0.36 1.01 1.77 0.0050 0.53
DEC 8.82 1.20 6.52 0.76 0.3324 1.70
total 49.04 6.80 17.15 24.48 0.61 9.40

% 100.00 13.86 34.98 49.92 1.24 19.17

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R=BF+ AGWS + GWET





Storm

Precipitation Baseflow Runoff ET R
2022 inches inches inches inches AGWS inches inches
JAN 2.80 0.80 1.18 0.69 0.13 1.10
FEB 3.13 1.16 1.98 -0.33 0.33 1.65
MAR 2.48 1.03 0.85 0.31 0.28 1.48
APR 6.20 1.43 3.82 0.84 0.11 1.71
MAY 6.45 1.14 3.13 2.20 -0.02 1.29
JUN 3.55 0.45 0.28 3.27 -0.45 0.17
JUL 2.00 0.19 0.00 2.50 -0.70 -0.34
AUG 2.53 0.17 0.01 2.97 -0.62 -0.29
SEP 3.96 0.18 0.03 4.12 -0.37 -0.02
OCT 5.73 0.40 0.42 4.87 0.04 0.60
NOV 2.73 0.39 0.39 1.85 0.10 0.66
DEC 5.08 1.83 2.36 0.32 0.57 2.57
total 46.62 9.17 14.45 23.60 -0.60 10.57
% P 100.00 19.67 30.99 50.63 -1.29 22.67

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R = BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R
2021 inches inches inches inches inches inches
JAN 1.83 0.88 1.04 -0.28 0.18 1.23
FEB 3.70 0.87 1.24 1.44 0.15 1.19
MAR 3.82 1.73 3.56 -1.92 0.45 2.35
APR 1.59 0.77 0.25 0.65 -0.09 0.85
MAY 3.90 0.37 0.29 3.66 -0.42 0.11
JUN 5.08 0.61 0.93 3.47 0.07 0.85
JUL 4.83 0.40 0.28 4.34 -0.18 0.38
AUG 6.49 0.43 0.90 5.20 -0.04 0.56
SEP 10.43 0.46 6.07 3.88 0.02 0.65
OCT 4.63 0.20 1.22 3.29 -0.08 0.29
NOV 1.28 0.30 0.65 0.14 0.18 0.65
DEC 1.68 0.38 0.04 1.27 -0.02 0.53
total 49.26 7.41 16.48 25.15 0.22 9.63
% P 100.00 15.04 33.46 51.06 0.45 19.54

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R =BF + AGWS + GWET





Storm

Precipitation Baseflow Runoff ET AGWS R
2020 inches inches inches inches inches inches
JAN 2.51 0.88 1.38 0.14 0.10 1.15
FEB 3.15 0.86 1.63 0.52 0.14 1.16
MAR 3.58 0.53 1.79 0.94 0.31 1.01
APR 4.69 1.31 2.03 1.14 0.21 1.69
MAY 2.85 0.85 0.64 1.57 -0.21 0.80
JUN 2.92 0.31 0.16 2.77 -0.32 0.16
JUL 5.99 0.29 0.95 4,94 -0.19 0.27
AUG 9.21 0.56 4.66 3.90 0.09 0.82
SEP 3.26 0.26 0.07 3.16 -0.23 0.20
OCT 3.42 0.34 0.36 2.82 -0.09 0.41
NOV 3.10 0.78 1.21 0.67 0.44 1.39
DEC 5.73 1.42 4.31 -0.24 0.24 1.83
total 50.41 8.39 19.18 22.35 0.49 10.88
% P 100.00 16.64 38.05 44.33 0.97 21.58

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R = BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R
2019 inches inches inches inches inches inches
JAN 4.03 1.67 3.17 -0.70 -0.10 1.73
FEB 2.70 1.40 1.71 -0.50 0.09 1.65
MAR 3.95 1.66 2.80 -0.64 0.13 1.95
APR 3.77 0.90 1.47 1.54 -0.14 0.93
MAY 9.03 1.30 4.31 3.24 0.18 1.65
JUN 5.97 0.55 2.28 3.35 -0.22 0.50
JUL 7.14 0.55 2.65 4.16 -0.22 0.50
AUG 2.78 0.30 0.07 3.17 -0.76 -0.29
SEP 1.64 0.15 0.01 2.01 -0.53 -0.21
OCT 6.26 0.29 0.52 5.89 -0.44 0.01
NOV 2.75 0.38 1.37 1.09 -0.09 0.46
DEC 3.72 1.23 1.92 0.34 0.23 1.63
total 53.74 10.38 22.27 22.96 -1.87 10.51
% P 100.00 19.32 41.44 42.72 -3.48 19.57

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET+ AGWS aquifer budget: R =BF + AGWS + GWET





Storm

Precipitation Baseflow Runoff ET AGWS R
2018 inches inches inches inches inches inches
JAN 2.46 0.62 1.20 0.34 0.29 1.08
FEB 5.93 3.05 2.33 0.00 0.55 3.77
MAR 3.62 1.95 2.45 -1.00 0.22 2.34
APR 4.19 0.87 2.10 1.14 0.08 1.12
MAY 4.68 0.70 2.11 1.71 0.16 1.03
JUN 3.09 0.38 0.18 2.95 -0.42 0.13
JUL 6.17 0.39 0.68 5.43 -0.33 0.23
AUG 7.90 0.96 3.32 3.44 0.17 1.30
SEP 6.96 0.81 2.97 2.99 0.19 1.17
OCT 3.04 0.81 0.64 1.40 0.19 1.17
NOV 8.88 1.12 6.92 0.53 0.31 1.59
DEC 2.46 1.51 3.00 -2.24 0.18 1.86
total 59.38 13.20 27.90 16.69 1.59 16.79
% P 100.00 22.23 46.99 28.10 2.68 28.27

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R = BF + AGWS + GWET

Storm
Precipitation Baseflow Runoff ET AGWS R
2017 inches inches inches inches inches inches
JAN 3.87 0.98 1.49 1.07 0.33 1.47
FEB 1.53 0.62 0.26 0.22 0.43 1.22
MAR 3.84 1.19 1.48 0.73 0.43 1.79
APR 3.68 1.46 1.78 0.15 0.29 1.92
MAY 5.05 0.58 1.29 2.99 0.19 0.94
JUN 3.75 0.39 0.52 2.90 -0.06 0.49
JUL 6.20 0.36 1.18 4.86 -0.20 0.32
AUG 4.98 0.46 0.84 3.51 0.17 0.79
SEP 2.68 0.29 0.17 2.38 -0.16 0.29
NOV 1.64 0.41 0.35 0.67 0.21 0.79
DEC 1.44 0.38 0.22 0.79 0.04 0.59
total 38.62 7.11 9.58 20.26 1.67 10.62
%P 100.00 18.42 24.80 52.46 4.32 27.49

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P =SF+ET + AGWS aquifer budget: R =BF + AGWS + GWET





Storm

Precipitation Baseflow Runoff ET AGWS R
2016 inches inches inches inches inches inches
JAN 3.49 0.84 0.75 1.56 0.33 1.34
FEB 4.69 1.53 4.67 -1.98 0.47 2.16
MAR 1.39 0.78 0.37 0.11 0.13 1.08
APR 2.63 0.54 0.18 1.93 -0.03 0.68
MAY 4.33 0.66 0.89 2.84 -0.06 0.77
JUN 2.13 0.19 0.01 2.55 -0.63 -0.27
JUL 6.28 0.15 0.03 6.59 -0.49 -0.17
AUG 2.95 0.17 0.01 3.19 -0.41 -0.08
SEP 3.18 0.17 0.01 3.35 -0.35 -0.01
OoCT 2.20 0.17 0.01 2.33 -0.31 0.03
NOV 2.38 0.15 0.02 2.32 -0.12 0.20
DEC 4.15 0.18 0.15 3.76 0.06 0.40
total 39.77 5.53 7.09 28.55 -1.41 6.12
% P 100.00 13.90 17.84 71.81 -3.55 15.39

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge

Storm
Precipitation Baseflow Runoff ET AGWS R
2015 inches inches inches inches inches inches
JAN 3.63 0.77 0.788 1.76 0.31 1.25
FEB 2.34 0.35 0.144 1.90 -0.06 0.46
MAR 5.75 1.72 4.296 -0.81 0.53 2.42
APR 2.27 0.82 0.553 0.83 0.06 1.05
MAY 0.34 0.27 0.003 0.55 -0.48 -0.05
JUN 8.57 0.40 0.325 7.83 0.01 0.57
JUL 4.53 0.41 0.512 3.67 -0.07 0.51
AUG 3.68 0.15 0.020 3.95 -0.45 -0.13
SEP 4.03 0.15 0.015 4.27 -0.41 -0.09
OoCT 3.93 0.22 0.115 3.62 -0.03 0.36
NOV 1.87 0.26 0.307 1.21 0.09 0.51
DEC 5.05 0.81 1.445 2.35 0.45 1.43
total 45.95 6.34 8.52 31.14 -0.05 8.29
% P 100.00 13.79 18.55 67.77 -0.11 15.60

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge





Precipitation Baseflow Storm Runoff ET AGWS R

2014 inches inches inches inches inches inches
JAN 3.81 0.77 1.401 1.34 0.30 1.24
FEB 5.84 0.91 2.216 2.42 0.30 1.37
MAR 3.56 1.53 3.494 -1.79 0.32 2.02
APR 4.26 1.38 3.118 -0.49 0.25 1.80
MAY 9.03 1.04 5.359 2.67 -0.04 1.17
JUN 4.59 0.54 0.677 3.76 -0.39 0.32
JUL 6.07 0.30 0.177 6.26 -0.67 -0.20
AUG 2.01 0.19 0.012 2.27 -0.46 -0.10
SEP 1.98 0.16 0.003 2.29 -0.47 -0.14
oCT 3.16 0.14 0.012 3.28 -0.28 0.03
NOV 4.54 0.17 0.042 4.49 -0.16 0.18
DEC 4.15 0.93 1.584 1.37 0.26 1.36
total 52.98 8.07 18.09 27.86 -1.04 9.03
% 100.00 15.23 34.15 52.58 -1.96 17.04

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge

Precipitation =~ Baseflow  Storm Runoff ET AGWS R
2013 inches inches inches inches inches inches
JAN 4.18 0.94 1.475 1.50 0.26 1.37
FEB 2.73 1.09 1.358 0.11 0.16 1.42
MAR 3.11 0.88 1.622 0.34 0.27 1.32
APR 3.57 0.74 1.191 1.66 -0.02 0.89
MAY 3.95 0.55 0.759 2.71 -0.07 0.65
JUN 8.14 1.09 2.576 4.58 -0.10 1.15
JUL 9.37 0.67 2.213 6.52 -0.03 0.80
AUG 6.29 0.58 0.761 5.17 -0.23 0.52
SEP 2.60 0.47 0.587 1.55 -0.01 0.63
oCT 1.69 0.25 0.072 1.42 -0.06 0.36
NOV 2.77 0.23 0.265 2.56 -0.29 0.11
DEC 4.74 1.03 2.140 1.18 0.38 1.58
total 53.11 8.53 15.02 29.30 0.26 10.79
% P 100.00 16.06 28.28 55.17 0.49 20.31

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - change in grounwater storage
BF - baseflow SRO - storm runoff GWET - groundwater evapotranspiration R - recharge
watershed budget: P=SF+ET+AGWS aquifer budget: R =BF + AGWS + GWET
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2025 Annual Report
Bridgeton, Nockamixon, Tinicum

Groundwater Management Committee (BNTGMC)

Committee, Volunteers, and Consultants

Thomas Eckhoff, Chairman (Nockamixon)

Dr. Stephen Donavan, Vice-Chairman (Nockamixon)
Dr. Riley Murphy, Treasurer/Secretary (Tinicum)

Dr. Carrie Manfrino, Member (Tinicum)

Todd Stone, Member (Nockamixon)

Dr. Art Baehr, Consulting Hydrologist
Bill Ballantine, Eco Bucks & Volunteer
Mary Lennon, Volunteer Field Technician

Connect with Us

The committee and volunteers meet monthly on the second Tuesday at 7:30 PM at the Nockamixon
Township Municipal Building. Meetings are open to the public. Anyone can join us at the Municipal
Building or via Zoom. You can reach us via the Township’s Website under the BNT Groundwater
Management page. Our Agenda and Minutes are posted on Tinicum, Nockamixon, and Bridgeton
Townships’ websites.

2026 Meetings: January 13, February 10, March 10, April 14, May 12, June 16, July 14, August 11,
Sept 8, October 13, November 10, December 8

Website: http://bntgmc.org

Contact us with questions or news: info@bntgroundwater.org

Get Involved

In 2026, we are inviting Community members to learn more about groundwater by joining us at our ‘2025
Annual BNT Groundwater Report” meeting to the township supervisors at their February 2026 meeting. We
are actively recruiting new members, especially from Bridgeton Township. However, we invite you to visit
our website, contact us, or attend a monthly meeting if you want a better understanding of our local
groundwater and the work of the BNTGMC.

2025 ACTIVITIES

New Groundwater Committee Website (in Progress)

A brand-new BNT Groundwater Management Committee website will launch in January 2026. You can
find up-to-date information on our local groundwater status and view groundwater levels across the
townships. The website has reports on such topics as local groundwater quality, long-term trends in
groundwater levels, recharge levels, precipitation, and stream flow. We post monthly diagrams showing
the current local Water Watch conditions. You can also link to more regional, state-wide information for
context. We have posted educational materials related to water quality and the potential impacts of drought,
flooding, and pollution on our groundwater.

Groundwater Ordinances & Township Comprehensive Planning

In 2025, the BNTGMC met with the Tinicum Supervisors and the Planning Committee to propose an
update to the 2015 Groundwater Ordinance. Nockamixon Township updated its ordinance in 2023 to
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better protect the productivity of existing wells from withdrawals by new wells. The update reduces the
allowable drawdown to neighboring wells to 2 feet (from 3 feet) with a 0.5ft recovery of the baseline level
within 24 hours. Note that this ordinance applies to applications for subdivisions, land developments,
conditional use permits, variances, and special exceptions. The proposed update to the Tinicum
Supervisors will similarly reduce the allowable drawdown to neighboring wells. More details about the
update to the Tinicum Ordinance can be found on the BNTGMC website (http://bntgmc.org). BNTGMC
also proposes that the ordinance be adopted by Bridgeton Township.

Water Watch Monitor: Continuous and Seasonal Groundwater Monitoring
Link to our website to view the current status of our local groundwater supply:

(https://www.bntgmc.org/_files/ugd/61359d 0b7e2ae8b80043059b78490a3df1ed60.pdf)

The BNTGMC has developed a Water Watch monitor that provides monthly updates on local
groundwater levels and their status compared to statewide groundwater levels. We quantify the
hydrologic cycle budget and recharge using flow data from the Tohickon Creek Watershed, groundwater
levels, and precipitation from a USGS logger and a well in Nockamixon State Park. The Hydrologic Cycle
section on our website charts historic watershed budgets, which serve as the basis for drought
management planning and for understanding the state of our water resources. Through regular updates
on our website and more detailed reports, our supervisors and residents can rely on high-quality data on
the water supply in the context of the watershed budget and potential threats from droughts or flooding.

The Data

Groundwater level data has been collected throughout the 3 townships for over 25 years. The Continuous
Monitoring Network (CMN) currently consists of 8 monitored wells, with groundwater levels recorded
every 30 minutes. Data is downloaded from the CMN loggers every 2-3 months. The Static Water Level
Network (SWL) currently consists of 30 wells at which groundwater levels are measured twice a year, in
the spring and fall. The resolution of groundwater-level information afforded by this volunteer network is
unique. This, combined with local precipitation data and the fortuitous existence of a USGS streamflow
station on the Tohickon Creek at Pipersville, allows for localized assessment of hydrologic conditions.

FIGURE 1: January 1, 2021 — December 31, 2025, showing median level between 1967-2025 (blue dashed line) as well as
the low and high median levels (y-axis is feet below sea level) at the USGS Well 929 in Nockamixon State Park. The
seasonal low water level was achieved around 12/6. Based on this information, it is assumed that local water levels are also
rising, consistent with normal conditions.

USGS 929 Nockamixon S.P.
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Water Quality

In 2025, we continued compiling water-quality information from various sources. In 2024, we developed a
comprehensive database of water quality testing results from the Bucks County Department of Health,
Penn State Extension Agricultural Laboratory, and published USGS reports. You can find more
information on water quality on our website and learn which parameters homeowners should test and at
what frequency.

Recent studies have shown that homeowners’ septic tank effluents can have a significant impact on
groundwater quality in your area. It is important to test your well water every 1-3 years to see if there is
any change.

Committee Organization, Mission, and Activities

Understanding that a safe and adequate water supply is a critical planning issue that transcends
municipal boundaries, the Bridgeton-Nockamixon-Tinicum Groundwater Management Committee
(BNTGMC) was established through a joint ordinance in September 1999. Members are appointed by
township supervisors and, as a largely voluntary effort, are funded by grants and donations in part
through ECO-Bucks (http://ecobucks.org).

The BNTGMC conducts scientific studies, regulatory reviews, and educational programs. By addressing
the interrelated watersheds, recharge areas, and aquifers within our municipalities, we can facilitate
coordination among programs that ensure safe, reliable, and sustainable water supplies while respecting
the limits of our natural groundwater resources.

Specific Activity Includes:

* Groundwater Ordinance development, updates, and advocacy.

» Monitoring groundwater level at 40 well locations.

* Reporting local hydrologic conditions, including monitoring drought regularly.

* Quantifying the hydrologic cycle budgets for the Tohickon Creek Watershed annually to
update the townships on the status of our groundwater replenishment.

» Establishing a water quality database and analysis.

+ Offering educational outreach to improve local groundwater knowledge.

« Establishing a weather station at Palisades High School for local precipitation data.

* Reporting results of studies annually.

Tom Eckhoff, Chair BNTGMC, presented at the 2025 PA Groundwater Symposium in Harrisburg, PA. His
presentation Groundwater and Water Quality Monitoring in Upper Bucks County, can be found on our
website.

We wish to express our gratitude to our supervisors, volunteers, and the many property owners who have
joined our efforts by providing their wells and water-quality data for our studies. This annual report informs
our supervisors and stakeholders about the substantial efforts we are making to assess and protect our
valuable water resource.
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2026 Initiatives

Groundwater Ordinance

o  Work with Tinicum and Bridgeton Supervisors to finalize an update to their groundwater ordinance.
Water Level Monitoring

o Replace aging groundwater logging equipment with new sonic loggers that do not require long
cables extending down wells. New loggers reduce downtime and reduce costs once data is linked
via the internet.

o Continue monitoring water levels across our network.

Water Quality Focus
e Propose a regional water quality testing program. Identify 3-5 wells for annual testing to establish
a long-term understanding of water quality across our region.

Website

e Launch and keep our new website updates, highlighting groundwater status and increasing
knowledge about protecting groundwater resources.

Comprehensive Plan.

e |n 2025, the Groundwater Committee worked to help update the water resources sections of the
Nockamixon and Tinicum Township Comprehensive Plans. In 2026, the committee will finalize the
water resources chapter of the Tinicum Township Plan. The Nockamixon plan was finalized in
2025.

Water References

In closing, we encourage our stakeholders to recognize the vital role they play in protecting our water
resources. The BNTGMC is continuously monitoring our groundwater levels and water quality and
compiling a wealth of data to support the advisories needed for our Township leadership.

- BNTGMC Website: http://bntgroundwater.org/

- PaDEP Drought Monitoring:

https://www.dep.pa.gov/Business/Water/PlanningConservation/Drought/pages/default.aspx

- PA Ground Water Association: http://www.pgwa.org/

- National Ground Water Association: http://www.wellowner.org/

PSU Extension Links

- Groundwater initiatives and Testing: https://extension.psu.edu/water

- Master Well Owner Network: http://extension.psu.edu/water/mwon

- Drinking Water & Drinking Water Interpretation Tool

- http://extension.psu.edu/water/drinking-and-residential-water

- https://extension.psu.edu/interpreting-your-water-test-report

- https://extension.psu.edu/resources-for-water-well-spring-and-cistern-owners
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Hydrologic Budgets for the Tohickon Creek Watershed
Drought and Wet Years

Arthur L. Baehr
October 2025

Key Points

¢ During the drought of the 1960°s the lowest annual recharge was 4.2 inches experienced
in 1965.

e In 2003 the highest annual recharge of 15.6 inches

e The period studied was 1936 to 2024 corresponding to the availability of Tohickon Creek
flow data.

e Recently (2013 to 2024) annual recharge averaged 10 inches.

Hydrologic Budgets and Data Availability

Quantification of a watershed hydrologic budget requires precipitation, streamflow, and
groundwater level data. Precipitation data is ubiquitous (1), streamflow and groundwater level
data less so. Fortunately the USGS has continuously monitored streamflow for the Tohickon
Creek @ Pipersville since 10/1/1935 (2). This enables detailed quantification of the hydrologic
budget for the 94.7 square mile watershed.

USGS has continuously monitored groundwater level at two Bucks County locations, at the
Naval Air Development Center in Warminster since 9/4/1975 and at Nockamixon State Park
since 11/22/1967 (3). The Bridgeton Nockamixon Tinicum Groundwater Management
Committee (BNTGMC) has monitored groundwater level at three wells within the Tohickon
Creek Watershed since 12/13/2003, 8/7/2010, and 3/27/2008, respectively (4).

Hydrologic budgets and methods have been reported for the years 2013 through 2024 (5). This
report adds budgets for the historic drought years 1963 to 1966 and the high flow years, 2003
and 2011.

Tohickon Creek Annual Flow and Precipitation

Figure 1 is a graph of the annual total discharge (flow) of the Tohickon Creek at Pipersville. The
data is normalized to inches by dividing by the watershed area above Pipersville, 97.4 square
miles. Standout flow years provide end members to relate any yearly flow and budget to the
historical record.

Notable is the flow during the well-known drought of the 1960s, the most severe drought over
the Northeastern United States in the past century. For 6 years, 1961 to 1966, annual flow was





below average and for 4 of those years, 1963 to 1966, annual flow was below the 10™ percentile
of flows over the period of record.

Conversely, years of ample flow (above the 90™ percentile) were most recently experienced in
1996, 2003, 2011, and 2018. A trend toward wetter conditions over the period of record is
apparent. A definitive cause(s) is uncertain but urbanization within the watershed, measurement
technique, and climate change could explain the trend.

Figure 2 is a graph of the annual precipitation for Bucks County assumed to be representative of
the precipitation that fell over the Tohickon Creek Watershed. Annual precipitation is another
metric to place a given year in historical context.

Figure 3 is a graph showing the correlation between stream flow and precipitation. Deviation off
the trendline occurs. The trendline intercept value of -26.4 inches added to the average annual
precipitation 46.5 inches gives 20.1 inches which is an estimate of evapotranspiration, the other
major component of a watershed budget.

Figure 1

Annual Total Discharge Tohickon Creek @ Pipersville
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Annual Precipitation Bucks County

70
g 60
> Uy LA Ldald_L_L_ Y W R | D A | I A N
& 50
g s x W T 1] '
S 40 ~AYY LA KA g e o C ——d
30
95959 Y9 %9 %9.49.49.4949%939.49 L9 59 %9599 2949898050500 0 S OFOSOTO
—e— Precipitation - — —average Precipitation ---10% - --90%
Figure 3
50
y = 1.0428x - 26.433
45 R = 0.8409 . .
40 o . Te
& 35 .
£ ° o,.° .0 .
¢ 30 e .__.“'b
® ° L
£ 25 .o ;,5. :
8 20 ® Lo T 6 o
E o oAl
€ 15 oo .~ W& e%°
& AN
10 0. %0
5 @ '
0
30 35 40 45 50 55 60 65 70

Annual Precipitation inches

Watershed Budgets - Baseflow and Recharge

Table 1 is a summary of the hydrologic budget components for select years. The method and
assumptions used have been previously reported with the years 2013 through 2024 (5). Added
are the drought years 1963 to 1966 for which recharge averaged 4.9 inches per year with 1965
being the most severe year with an estimated recharge of 4.2 inches. For the four years 1963





through 1966 it is estimated that that groundwater levels dropped an average of 29 feet over the
Watershed. This estimate is obtained by applying a storage coefficient of 0.02 (6) as follows: -
29 feet = ((-1.8 -1.7-2.0-1.5)/.02)/12

The most recent year of serious drought concern was 2016 with recharge estimated to be 6.1
inches. Significantly lower than average flow persisted for the adjacent years 2015 and 2017
(Figure 1), however, this three-year drought was not as extreme as the 1960s drought.

For the highest flow year, 2003 the recharge was estimated to be 17.0 inches. For reference, the
average annual recharge for the past 12 years, 2013 to 2024 is 10.0 inches.

The recharge calculation: R =BF + AGWS + GWET has uncertainty due to estimating
groundwater storage change AGWS and groundwater evaporation GWET over the entire
watershed area. Baseflow BF is the most accurate as well as the dominant term of the recharge
calculation. BF is obtained directly from the Tohickon Creek flow hydrographs by a baseflow
separation method (5). Baseflow then can be an alternative or supplemental metric to recharge.





Table 1 Annual Budgets - Tohickon Watershed 97.4 square miles above Pipersville, PA

all values in inches

Total Evapotransp groundwater groundwater
Precipitation Baseflow Storm Runoff  Streamflow iration storage change evaporation Recharg
1963 34.0 3.7 6.3 9.9 24.0 -1.8 2.0 5.0
1964 35.8 4.1 10.1 14.3 21.5 -1.7 2.0 5.4
1965 31.1 4.2 4.3 8.5 22,5 -2.0 2.0 4.2
1966 40.7 4.3 7.6 11.8 28.9 -1.5 2.0 4.8
average
1963 to 1966 35.4 4.1 7.1 11.1 24.2 -1.7 2.0 4.9
2003 54.8 12.6 25.9 38.4 16.4 1.0 2.0 15.6
2011 66.1 11.7 30.4 42.1 23.9 1.1 2.0 14.8
2013 53.1 8.5 15.0 235 29.3 0.3 2.0 10.8
2014 53.0 8.1 18.1 26.2 27.9 -1.0 2.0 9.0
2015 46.0 6.3 8.5 14.9 31.1 0.0 2.0 8.3
2016 39.8 5.5 7.1 12.6 28.6 -1.4 2.0 6.1
2017 43.8 7.3 10.3 17.6 24.7 1.4 2.0 10.8
2018 59.4 13.2 27.9 41.1 16.7 1.6 2.0 16.8
2019 53.7 10.4 22.3 32.7 23.0 -1.9 2.0 10.5
2020 50.4 8.4 19.2 27.6 22.3 0.5 2.0 10.9
2021 49.3 7.4 16.5 23.9 25.1 0.2 2.0 9.6
2022 46.6 8.4 15.3 23.6 23.6 -0.6 2.0 9.8
2023 49.0 6.8 17.2 24.0 245 0.6 2.0 9.4
2024 41.7 7.8 12.8 12.8 22.8 -1.6 2.0 8.2
average

2013 t02024 48.8 8.2 15.8 23.4 25.0 -0.2 2.0 10.0
% P 100.0 16.7 32.4 47.9 51.1 -0.3 4.1 20.5

P - precipitation SF - total streamflow ET - evapotranspiration AGWS - grounwater storage change
BF - baseflow SRO - storm runoff GWET - groundwater evaporation R - recharge
aquifer budget: R =BF + AGWS + GWET

watershed budget:

Recommendations

P =SF + ET + AGWS

Continue adding years, future and past to provide context for current conditions

Consider a baseflow separation program like (7) to reduce labor required to construct budgets.
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