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Conversion Factors and Datums

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 0.003785 cubic meter (m?)
gallon (gal) 3.785 cubic decimeter (dm?)
million gallons (Mgal) 3,785 cubic meter (m?)
cubic foot (ft?) 0.02832 cubic meter (m?)
Flow rate
cubic foot per second (ft*/s) 0.02832 cubic meter per second (m%/s)
cubic foot per second per square mile 0.01093 cubic meter per second per square
[(f}/s)/mi?] kilometer [(m?/s)/km?]

gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m?/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s)
million gallons per year (Mgal/yr) 15.991 cubic meter per year (m*/yr)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Specific capacity

gallon per minute per foot 0.2070 liter per second per meter
[(gal/min)/ft)] [(L/s)/m]
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)
Transmissivity*
foot squared per day (ft*/d) 0.09290 meter squared per day (m%/d)

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft}/d)/ft?]ft. In this report, the mathematically reduced form, foot
squared per day (ft¥d), is used for convenience.



Effects of Land-Use Changes and Ground-Water
Withdrawals on Stream Base Flow, Pocono Creek
Watershed, Monroe County, Pennsylvania

By Ronald A. Sloto

Abstract

The Pocono Creek watershed drains 46.5 square miles
in eastern Monroe County, Pa. Between 2000 and 2020, the
population of Monroe County is expected to increase by
70 percent, which will result in substantial changes in land-use
patterns. An evaluation of the effect of reduced recharge from
land-use changes and additional ground-water withdrawals
on stream base flow was done by the U.S. Geological Survey
(USGS) in cooperation with the U.S. Environmental Protec-
tion Agency (USEPA) and the Delaware River Basin Com-
mission as part of the USEPA’s Framework for Sustainable
Watershed Management Initiative. Two models were used. A
Soil and Water Assessment Tool (SWAT) model developed by
the USEPA provided areal recharge values for 2000 land use
and projected full buildout land use. The USGS MODFLOW-
2000 ground-water-flow model was used to estimate the effect
of reduced recharge from changes in land use and additional
ground-water withdrawals on stream base flow. This report
describes the ground-water-flow-model simulations.

The Pocono Creek watershed is underlain by sedimentary
rock of Devonian age, which is overlain by a veneer of glacial
deposits. All water-supply wells are cased into and derive
water from the bedrock. In the ground-water-flow model,
the surficial geologic units were grouped into six categories:
(1) moraine deposits, (2) stratified drift, (3) lake deposits,

(4) outwash, (5) swamp deposits, and (6) undifferentiated
deposits. The unconsolidated surficial deposits are not used
as a source of water. The ground-water and surface-water sys-
tems are well connected in the Pocono Creek watershed. Base
flow measured on October 13, 2004, at 27 sites for model
calibration showed that streams gained water between all sites
measured except in the lower reach of Pocono Creek.

The ground-water-flow model included the entire Pocono
Creek watershed. Horizontally, the modeled area was divided
into a 53 by 155 cell grid with 6,060 active cells. Vertically,
the modeled area was discretized into four layers. Layers 1
and 2 represented the unconsolidated surficial deposits where
they are present and bedrock where the surficial deposits are
absent. Layer 3 represented shallow bedrock and was 200 ft

(feet) thick. Layer 4 represented deep bedrock and was 300 ft
thick. A total of 873 cells representing streams were assigned
to layer 1.

Recharge rates for model calibration were provided
by the USEPA SWAT model for 2000 land-use conditions.
Recharge rates for 2000 for the 29 subwatersheds in the SWAT
model ranged from 6.11 to 22.66 inches per year. Because the
ground-water-flow model was calibrated to base-flow data
collected on October 13, 2004, the 2000 recharge rates were
multiplied by 1.18 so the volume of recharge was equal to
the volume of streamflow measured at the mouth of Pocono
Creek. During model calibration, adjustments were made to
aquifer hydraulic conductivity and streambed conductance.
Simulated base flows and hydraulic heads were compared
to measured base flows and hydraulic heads using the root
mean squared error (RMSE) between measured and simulated
values. The RMSE of the calibrated model for base flow was
4.7 cubic feet per second for 27 locations, and the RMSE for
hydraulic heads for 15 locations was 35 ft.

The USEPA SWAT model was used to provide areal
recharge values for 2000 and full buildout land-use conditions.
The change in recharge ranged from an increase of 37.8 per-
cent to a decrease of 60.8 percent. The ground-water-flow
model was used to simulate base flow for 2000 and full build-
out land-use conditions using steady-state simulations. The
decrease in simulated base flow ranged from 3.8 to 63 percent
at the streamflow-measurement sites. Simulated base flow
at streamflow-gaging station Pocono Creek above Wigwam
Run near Stroudsburg, Pa. (01441495), decreased 25 percent.
This is in general agreement with the SWAT model, which
estimated a 30.6-percent loss in base flow at the streamflow-
gaging station.

Additional ground-water withdrawals were simulated in
the Scot Run and Cranberry Creek subwatersheds for 2000
and full buildout land-use conditions. Hypothetical wells were
added to each subwatershed to simulate additional ground-
water pumping. Combined simulated pumpage from the wells
ranged from 50,000 to 1,000,000 gallons per day. All pumpage
was considered consumptive. In the Scot Run subwatershed,
five hypothetical wells were placed close to the stream. With
an additional 1 Mgal/d (million gallons per day) of ground-
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water withdrawals, the simulated base flow of Scot Run
decreased 36 percent under 2000 recharge conditions. Using
the full buildout recharge rate, simulated base flow decreased
46 percent. With this distribution of wells, the base flow of
adjacent Transue Run was not affected by ground-water with-
drawals in the Scot Run subwatershed.

In the Cranberry Creek subwatershed, three hypothetical
wells were placed close to the surface-water divide between
Cranberry Creek and Bulgers Run, and three hypothetical
wells were placed close to the surface-water divide between
Cranberry Creek and Laurel Lake Run. With an additional
1 Mgal/d of ground-water withdrawals, the simulated base
flow of Cranberry Creek decreased 15 percent, the simu-
lated base flow of Bulgers Run decreased 14 percent, and the
simulated base flow of Laurel Lake Run decreased 50 percent
under 2000 recharge conditions. Simulated pumping wells
close to the surface-water divide in the Cranberry Creek sub-
watershed had the least effect on the base flow of Cranberry
Creek and the greatest effect on the base flow of Bulgers Run.
Using the full buildout recharge rate, the simulated base flow
of Cranberry Creek decreased 63 percent, the base flow of
Bulgers Run decreased 60 percent, and the base flow of Laurel
Lake Run decreased 96 percent from 2000 levels.

Introduction

Proximity to major population centers combined with
natural beauty make tourism the number one industry in the
Pocono Mountains (Poconos) region. The region is approxi-
mately 75 and 85 mi, respectively, from the New York City
and Philadelphia metropolitan regions. The Poconos are the
leading tourist destination in the Commonwealth of Pennsyl-
vania. Gross revenues of tourism-related Pocono businesses,
such as resorts, restaurants, and attractions, total more than
$1.5 billion annually. Approximately 80 percent of the resorts
in the Commonwealth of Pennsylvania are in the Poconos, and
more than 18,000 people are employed by tourism-based busi-
nesses (The Insiders Guide, 2006).

One of the leading recreational activities in the Poconos
is fishing. The area has an abundance of trout streams, consid-
ered to be among the finest in the nation. Trout season opens
mid-April and extends throughout the majority of the year.
Native brook and brown trout can be found in most streams.

The popularity of the Poconos as a second-home location
has created a large demand for planned residential devel-
opments. Along with second-home owners, other Pocono
residents who earn their living elsewhere are commuters.
Monroe County is a preferred commuter residence because of
the ease of access to major interstate highways. The Pocono
Creek watershed (fig. 1) is bisected by U.S. Interstate 80
(fig. 2), which runs parallel to the creek. The county’s primary
commercial artery, Pennsylvania State Route 611, also runs
parallel to Pocono Creek. Many people drive 1 to 2 hours each
way to work in New Jersey or New York City. These commut-

ers reap the dual benefits of higher-paying jobs available in
those areas and the scenery and lifestyle of the Poconos (The
Insiders Guide, 2006).

Monroe County is one of the fastest-growing counties in
the Commonwealth of Pennsylvania. Between 2000 and 2006,
the population of Monroe County increased 19.5 percent; the
population of Pennsylvania increased 1.3 percent (U.S. Census
Bureau, 2007). Between 2000 and 2020, the population of
Monroe County is expected to increase by 70 percent (Monroe
County Planning Commission, 2006). This population increase
is expected to result in substantial changes in land-use patterns
and an increased demand for water.

The overall objective of this study was to determine
the effect of land-use changes and additional ground-water
withdrawals on stream base flow. For this study, a regional
numerical model of ground-water flow in the Pocono Creek
watershed was developed as a tool to evaluate interactions
between the ground-water and surface-water systems. This
ground-water-flow-model study was done by the U.S. Geolog-
ical Survey (USGS) in cooperation with the U.S. Environmen-
tal Protection Agency (USEPA) and the Delaware River Basin
Commission (DRBC) as part of the USEPA’s Framework for
Sustainable Watershed Management Initiative. This study
provides information that will allow the region’s planners
and local officials to make management decisions based on a
quantitative understanding of the relations among base flow,
ground-water withdrawal, and reduction in recharge caused by
land-use changes. The results of this study are applicable to
similar glaciated watersheds in northeastern Pennsylvania.

Purpose and Scope

This report describes the geology and ground-water-flow
system of the Pocono Creek watershed in Monroe County, Pa.,
and presents the results of numerical simulation of ground-
water flow in the Pocono Creek watershed. The model was
used to simulate base-flow conditions on October 13, 2004;
base flow under recharge conditions associated with 2000 land
use; and base flow under potential recharge conditions associ-
ated with full buildout land-use conditions in the watershed.
The model was used to estimate effects of potential reduction
in recharge caused by land-use changes and ground-water
withdrawals on stream base flow.
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Description of Study Area

The Pocono Creek watershed drains 46.5 mi? in eastern
Monroe County, Pa. (fig. 1). The watershed is entirely in
Monroe County and includes parts of seven townships (fig. 2).
Pocono Creek’s 16-mi-long valley drains from the Pocono
Plateau (fig. 3) in its headwaters to the Brodhead Creek, a
tributary to the Delaware River. Tributaries to Pocono Creek
include Dry Sawmill Run, Sand Spring Run, and Wolf Swamp
Run in the north; Scot Run, Transue Run, Coolmoor Run, Mill
Run, Reeders Run, Rocky Run, Bulgers Run, and Cranberry
Creek in the mid-section; and Wigwam Run, Flagler Run, Big
Meadow Run, and Little Pocono Creek in the lower third of
the watershed (fig. 3). Sand Spring Run and Wolf Swamp Run
are designated as Exceptional Value streams by the Pennsyl-
vania Department of Environmental Protection. A streamflow-
gaging station was established in June 2002 by the USGS on
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Pocono Creek just above its confluence with Wigwam Run
(fig. 3).

Camelback Mountain (also called Big Pocono Mountain)
is a prominent topographic feature in the watershed (fig. 2).
The watershed also includes the Tannersville Cranberry Bog,
which is the southernmost alpine boreal bog in the United
States and is in the east-central part of the watershed. The Bor-
ough of Stroudsburg, one of the largest towns in the Pocono
region and the Monroe County seat, is at the mouth of Pocono
Creek.

The Pocono Creek watershed lies in three distinct phys-
iographic province sections (fig. 3). The upper part is in the
Glaciated Pocono Plateau Section of the Appalachian Plateaus
Physiographic Province, the middle part is in the Glaciated
Low Plateau Section of the Appalachian Plateaus Physio-
graphic Province, and the lower part is in the Blue Mountain
Section of the Ridge and Valley Physiographic Province
(Sevon, 2000). The Pocono Plateau Escarpment sharply delin-
eates the boundary between the Glaciated Low Plateau and
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Figure 3.

Glaciated Pocono Plateau Sections. Rocks exposed west of the
escarpment are more resistant to erosion than rocks exposed
east of the escarpment. Local relief at Camelback Mountain,
which is part of the Pocono Plateau Escarpment, is about
1,000 ft, the greatest anywhere along the escarpment.

The Pocono Plateau is relatively flat; local relief seldom
exceeds 100 ft. The topography was greatly influenced by con-
tinental glaciation. The area is characterized by very irregular
topography with numerous small, rounded hills separated by
undrained depressions. The depressions generally are wet and
often swampy (Berg and others, 1977).

Previous Investigations

The ground-water resources of Monroe County were
described by Carswell and Lloyd (1979). Low and Conger
(2001) provided an evaluation of borehole geophysical logs
collected at the Butz Landfill Superfund Site. Water budgets

Physiographic provinces from Sevon (2000)

Physiographic provinces and streams in the Pocono Creek watershed, Monroe County, Pa.

were developed for the Pocono Creek watershed by Sloto and
Buxton (2005). Streamflow statistics for Pocono Creek were
determined by Thompson and Cavallo (2005).

The geology of the Pocono Creek area was first described
by White (1882). Geology of the Pocono Pines and Mount
Pocono quadrangles was mapped by Berg and others (1977),
the Saylorsburg quadrangle by Epstein (1990), the Stroudsburg
quadrangle by Epstein (1969, 1973), and the surficial geology
of the East Stroudsburg quadrangle by Bucek (1971). This
study builds on recent work by the DRBC and the Monroe
County Conservation District to develop a goal-based water-
shed management plan for the Pocono Creek watershed (Dela-
ware River Basin Commission, 2006a, 2006b).



6 Effects of Land-Use Changes and Ground-Water Withdrawals on Stream Base Flow, Pocono Creek Watershed

Geology

The Pocono Creek watershed is underlain by sedimentary
rocks of Devonian age (fig. 4) that are overlain by a veneer of
glacial deposits. The sedimentary rocks record a general tran-
sition from marine to deltaic and finally to fluvial depositional
environments. During the Pleistocene Epoch, continental
glaciers repeatedly advanced southward from Canada across
New York and covered the Pocono Creek watershed. The last
advance of ice was about 15,000 years ago.

Bedrock Geology

The bedrock underlying the Pocono Creek watershed is
mostly sandstone, siltstone, and shale of Devonian age. At the
end of the Paleozoic Era, these rocks were broadly folded into
a series of low-amplitude anticlines and synclines. Bedrock
stratigraphy is presented in table 1.

Catskill Formation

Approximately three-fourths of the Pocono Creek
watershed is underlain by rocks of the Catskill Formation. The
Catskill Formation has been subdivided into several members.
The members that underlie the Pocono Creek watershed are
described in the following sections. Information presented is
largely based on Berg and others (1977).

Poplar Gap Member

The Poplar Gap Member of the Catskill Formation is
predominantly gray sandstone with some conglomeritic sand-
stone as discontinuous lenses and a few laterally discontinuous
red siltstones and shales. It is a medium gray to light olive
gray, thick-bedded, fine- to very coarse-grained sandstone.

Table 1.
From Berg and others (1983)

It was deposited by braided streams on a broad alluvial plain
with occasional development of floodplains and deposition of
overbank mud along short reaches of meandering streams. The
Poplar Gap Member underlies the western part of the Pocono
Plateau in the Pocono Creek watershed and crops out at the
top of Camelback Mountain. It has been extensively modified
by glacial erosion. The Poplar Gap Member is about 1,700 ft
thick (Berg and others, 1977, p. 23-28).

Packerton Member

The Packerton Member of the Catskill Formation is
predominantly sandstone with some conglomerate, siltstone,
and shale. It is generally gray with a reddish tint. The Packer-
ton Member was deposited as sands and gravels on an alluvial
plain in a broad braided-river complex with local reaches of
meandering streams that allowed deposition of overbank mud.
The Packerton Member overlies the Poplar Gap Member. It is
about 200 to 300 ft thick (Berg and others, 1977, p. 23-26).

Long Run Member

The Long Run Member of the Catskill Formation is
alternating sandstone and fine red clastics in upward-fining
sequences. It normally is a medium gray, medium- to thick-
bedded, fine- to medium-grained sandstone. Upward-fining
cycles of the Long Run Member result from fluvial deposition
on a delta plain. The presence of marine fossils at the base of
some cycles suggests deposition in tidally affected embay-
ments of a lower delta plain. The Long Run Member forms the
slope on the eastern and southern part of the Pocono Plateau
below the Packerton Member. The calculated thickness of
the Long Run Member is 3,175 ft, but it may exceed 3,500 ft
(Berg and others, 1977, p. 19-23).

Bedrock stratigraphy of the Pocono Creek watershed, Monroe County, Pa.

Series Series

Geologic unit

Upper
Catskill Formation

Poplar Gap Member

Packerton Member

Long Run Member

Beaverdam Run Member
Walcksville Member

Towamensing Member

DEVONIAN

Trimmers Rock Formation

Mahantango Formation of the Hamilton Group

Middle

Marcellus Formation of the Hamilton Group
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Figure 4. Bedrock geology in the Pocono Creek watershed, Monroe County, Pa.

Beaverdam Run Member

The Beaverdam Run Member of the Catskill Formation
primarily is gray, medium- to thick-bedded, fine- to very fine-
grained sandstone with some thin interbedded siltstone and silt
shale, clay shale, and occasionally shale-chip conglomerate.
The Beaverdam Run Member contains marine fossils, which
suggest deposition in delta-front and offshore shelf-type envi-
ronments. The average thickness is approximately 200 ft (Berg
and others, 1977, p. 17-19).

Walcksville Member

The Walcksville Member of the Catskill Formation is
alternating sandstone and shale in upward-fining sequences.
The sandstone is medium gray, medium to thick bedded, and
medium grained. The siltstones and shales are predominantly
grayish red, nonfissile to subfissile, and thickly laminated to
medium bedded. The upward-fining sequences of the Walcks-
ville Member are the result of predominantly fluvial deposi-

tion in a delta plain. The Walcksville Member is approxi-
mately 1,000 ft thick (Berg and others, 1977, p. 14-16).

Towamensing Member

The Towamensing Member of the Catskill Formation is
dominantly sandstone with some interbedded siltstone and silt
shale. The sandstone is medium gray, medium to thick bed-
ded, very fine to fine grained. The Towamensing Member was
deposited in a lower delta to possible delta-front environment.
It is in gradational contact with the underlying Trimmers Rock
Formation. The Towamensing Member is about 500 ft thick
(Berg and others, 1977, p. 11-13).

Trimmers Rock Formation

The Trimmers Rock Formation is dominantly interbedded
siltstones and silt shale with some very fine sandstone in fin-
ing-upward turbidite cycles. It is a dark gray and medium dark
gray, massive, nonfissile siltstone grading upward in cycles to
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fissile and subfissile shale and thick-bedded siltstones grading
upward to thickly laminated shales. The depositional environ-
ment was distal to proximinal prodelta. The Trimmers Rock
Formation is in gradational contact with the underlying Mah-
antango Formation and the overlying Towamensing Member.
The Trimmers Rock Formation ranges from 950 to 1,175 ft
thick and averages 1,060 ft thick. The variation in thickness is
caused by minor folding (Berg and others, 1977, p. 6-10).

Mahantango Formation

The Mahantango Formation of the Hamilton Group is
siltstone or silt shale. It is dark gray and medium dark gray,
subfissile, and very thinly bedded to thickly laminated. It was
deposited under open-water marine conditions with sufficient
circulation and oxygenation for the establishment of diverse
marine invertebrate communities (Berg and others, 1977,

p- 5-6). Epstein (1990) estimated the Mahantango Formation
to be about 2,000 ft thick.

Marcellus Formation

The Marcellus Formation of the Hamilton Group, called
the Marcellus Shale by Epstein (1990), is a dark-gray, lami-
nated to poorly bedded, silty shale. It grades upward to the
Mahantango Formation. Epstein (1990) estimated the maxi-
mum thickness of the Marcellus Formation to be about 800 ft.

Surficial Geology

Northeastern Pennsylvania has been glaciated at least
three times in the last 150,000 years. Each of these glacia-
tions modified the landscape by erosion and deposition. Each
successive ice sheet removed most, if not all, older glacial
deposits, as well as some rock. The glaciations, from oldest
to youngest, are Illinoian, Altonian (or pre-farmdalian Wis-
consinan), and Woodfordian (late Wisconsinan) (Sevon and
others, 1975, p. 9).

The glacial deposits can be broadly subdivided into strati-
fied and unstratified deposits. The unstratified deposits mainly
are till, which is composed of an unsorted mixture of clay, silt,
sand, gravel, cobbles, and boulders deposited directly from
the ice sheet as ground or end moraine. Stratified deposits of
poorly to well-sorted sand, gravel, silt, and clay were trans-
ported and deposited by glacial meltwater. These deposits
were formed in contact with the ice by streams flowing from
the glacier as outwash in floodplains and deltas and as fine
sediments in lakes and ponds formed as a consequence of
glaciation (Carswell and Lloyd, 1979, p. 5).

Most of the Pocono Creek watershed is located on the
Mount Pocono and Pocono Pines topographic quadrangle
maps. The surficial geology of these quadrangles was mapped
by Berg and others (1977). Epstein (1969) and Bucek (1971)
mapped the surficial geology of the Stroudsburg and East
Stroudsburg quadrangles, respectively. Epstein (1990) mapped

the surficial geology of the Saylorsburg quadrangle. For this

study, the surficial geology maps were combined (fig. 5) and
generalized on the basis of textural composition (table 2) and
hydraulic properties.

Outwash

Outwash includes the alluvium and Woodfordian outwash
and the Woodfordian outwash of Berg and others (1977) and
the outwash of Epstein (1969). Outwash consists of stratified,
unconsolidated sand and gravel with some silt and clay and
very few boulders in well-stratified units. Outwash was depos-
ited by meltwater streams beyond the limit of the wasting ice
sheet. It is confined to valleys that carried meltwater away
from and behind the end moraine. The thickness ranges from
20 to 241 ft and averages about 60 to 65 ft (Berg and others,
1977, p. 42-43 and 50-51). The maximum depth of outwash
reported by Berg and others (1977, p. 42) was 241 ft in the
floodplain of Pocono Creek near Tannersville. Data co