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Conversion Factors and Datum

Multiply By To obtain
Length
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (M)
Area
acre 4,047 square meter (m?)
square foot (t?) 0.09290 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
million gallons (Mgal) 3,785 cubic meter (m3)
Density
pound per cubic foot (Ib/ft3) 16.02 kilogram per cubic meter
Flow rate
cubic foot per second (ft%/s) 0.02832 cubic meter per second (m?/s)
million gallons per day per square mile cubic meter per day per square kilo-
[(Mgal/d)/mi?] 1,461 meter [(m3/d)/km?]
Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)

Temperature in degrees Celsius ("C) may be converted to degrees Fahrenheit (°F) as follows:
‘F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
‘C=(F-32)/1.8

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.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at
25°C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or
micrograms per liter (ug/L).

Mesh sizes of sampling devices are given in micrometers (um); 1,000 micrometers equal a milli-
meter (mm).






Environmental Setting, Water Budget, and Stream
Assessment for the Broad Run Watershed, Chester County,

Southeastern Pennsylvania

By Peter J. Cinotto, Andrew J. Reif, and Leif E. Olson

Abstract

The Broad Run watershed lies almost entirely in West
Bradford Township, Chester County, Pa., and drains
7.08 square miles to the West Branch Brandywine Creek.
Because of the potential effect of encroaching development and
other stresses on the Broad Run watershed, West Bradford
Township, the Chester County Water Resources Authority, and
the Chester County Health Department entered into a coopera-
tive study with the U.S. Geological Survey to complete an
annual water budget and stream assessment of overall condi-
tions. The annual water budget quantified the basic parameters
of the hydrologic cyclefor the climatic conditions present from
April 1, 2003, to March 31, 2004. These water-budget data
identified immediate needs and (or) deficits that were present
within the hydrologic cycle during that period, if present; how-
ever, an annual water budget encompassing a single year does
not identify long-term trends. The stream assessment was con-
ducted in two parts and assessed the overall condition of the
watershed, an overall assessment of the fluvial-geomorphic
conditions within the watershed and an overall assessment of
the stream-quality conditions. Thedatacollected will document
present (2004) conditions and identify potential vulnerabilities
to future disturbances.

For the annual period from April 1, 2003, to March 31,
2004, determination of an annual water budget indicated that of
the 67.8 inches of precipitation that fell on the Broad Run
watershed, 38.8 inches drained by way of streamflow to the
West Branch Brandywine Creek. Of this 38.8 inches of stream-
flow, local-minimum hydrograph separation techniques deter-
mined that 7.30 inches originated from direct runoff and
31.5 inches originated from base flow. The remaining precipi-
tation went into ground-water storage (1.71 inches) and waslost
to evapotranspiration (27.3 inches). Ground-water recharge for
this period—35.2 inches—was based on these values and an
estimated ground-water evapotranspiration rate of 2 inches.

Assessment of fluvial-geomorphic conditions included
large-scale mapping of stream classes within the Broad Run
watershed and in-depth study of three representative stream
reaches al so within the Broad Run watershed. Based on thetotal
distance of all stream reaches classified within the Broad Run

watershed, 61 percent were classified as C-class, 14 percent as
E-class, 13 percent as B-class, 5 percent as F-class, 4 percent as
undifferentiated B- and F-class, 2 percent as G-class, and less
than 1 percent as A-class. The map of stream classes indicates
that the Broad Run watershed currently has no large-scale areas
of stream impairment and that, generally, the stream is not
entrenched and the main branch of the Broad Run has an avail-
able, functioning flood plain. Smaller tributary streams, how-
ever, showed signs of localized entrenchment due to site-spe-
cific influences such as natural stream-channel evolution,
localized channelization, localized contraction due to road and
driveway crossings, and (or) increased localized runoff. For
example, one small reach along a tributary channel was
observed to become entrenched due to runoff originating from
anew housing development. Entrenched stream reaches are
merely located by large-scale mapping and require individual
assessment to determine potential causes of entrenchment and
(or) futurerestorative actions. Threein-depth geomorphic study
sites showed that the Broad Run can currently be considered
graded or in a state of dynamic equilibrium. The sites did, how-
ever, identify certain vulnerabilitiesto future changeswithinthe
watershed. These vulnerabilities included disruption of the
present sediment supply, including both increases and (or)
reductionsin the current sediment loads within the Broad Run;
increasesin both magnitude and duration of storm-water runoff;
encroachment of development onto present flood-plain aress,
and (or) aterations to riparian zones.

Assessment of stream-quality conditions included an
assessment of the in-stream habitat, biologic health, and water
quality within the watershed. In-stream habitat assessments
indicated good overall habitat throughout the Broad Run water-
shed. Biologic samples collected indicated diverse and healthy
benthi c-macroinvertebrate communities that included many
pollution-intol erant species. Water-quality samples showed that
nutrient, ion, and metal concentrations are all similar to condi-
tions present at a nearby reference site.
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Introduction

The 7.08-mi? Broad Run watershed is within Chester
County, Pa,; most (approximately 98.5 percent) isin West
Bradford Township, and the remainder (approximately
1.5 percent or 0.08 mi®) isin Newlin Township (fig. 1).
Because so much of the watershed isin West Bradford Town-
ship, changesin land cover and land use within the township
can substantially affect the watershed.

Thisregion and the Broad Run watershed have along his-
tory of such change. According to West Bradford Township
(2004), the township was originally part of Bradford Township
as organized in 1705; West Bradford Township was officially
formed in 1731 when the original Bradford Township was split
into west and east sections. About thistime, the first European
settlersmoved into the Broad Run watershed and began farming
the valleys. Agriculture remained the primary land use within
theregion for the next century, but it waslargely confined to the
valley bottoms; forests dominated the surrounding steep hill-
sides. In the early 1800s, improvements in the road system
brought the first signs of development to the region. The towns
of Marshallton and Romansville began to grow, and local busi-
nesses were established. Numeroustanning, grist, saw, and full-
ing mills were located throughout the region and along Broad
Run. Various historic farms still operate within the watershed;
most of the remaining watershed isdominated by wooded aress,

isolated homes, planned residential communities, and a golf
course.

Recognizing the changing land uses within the watershed,
West Bradford Township, the Chester County Water Resources
Authority, and the Chester County Health Department began a
cooperative study in 2003 with the U.S. Geological Survey
(USGS) to quantify the current (2004) quantity and quality of
water in the Broad Run watershed and identify future vulnera-
bilities. The objectives of this study were to develop a compre-
hensive tool from which to (1) gage the effects of continued
changes within the watershed and (2) provide the data required
to assist local, State, and Federal authoritiesin the devel opment
of management and (or) restoration plans for this watershed.

Purpose and Scope

This purpose of thisreport isto describethe environmental
hydrologic setting, present an annual water budget, characterize
the fluvial geomorphology, and characterize the stream-quality
conditions for the Broad Run watershed. This study took place
from October 1, 2002, to September 30, 2004, and encompassed
the entire Broad Run watershed. The water budget and stream
assessment consist of an annual water budget (streamflow, pre-
cipitation, storage, evapotranspiration, hydrograph separation,
and recharge), an assessment of the fluvial geomorphology of
Broad Run (stream type, bankfull discharge, bankfull cross-
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Figure 1. Location of the Broad Run watershed study area, Chester County, southeastern Pennsylvania.



sectional area, bankfull width, bankfull mean depth, bank-
full slopel, particle size, and particle entrainment), and an
assessment of stream quality of the watershed (benthic-macro-
invertebrate diversity, water quality, and habitat quality).

Study Overview

Three major watershed issueswere addressed in thisstudy:
annual water budget, fluvial-geomorphic characteristics, and
stream quality. These components of the study describe and set
abaseline for the hydrol ogic conditions of the watershed, the
capacity of the stream channel to transport the water and sedi-
ment supplied from upstream, and the health of aquatic organ-
ismsand their habitat within the stream. Current signs of stream
habitat degradation, channel instability, and (or) vulnerability to
future land-use changes within the watershed are addressed asa
part of each study component.

An annual water budget was completed to illustrate where
water in the basin comes from and where it ultimately goes.
Thistask required installing a streamflow-gaging station at the
base of the watershed to measure water exiting the basin
(streamflow), monitoring 14 ground-water observation wells
throughout the watershed to measure changes in ground-water
storage, installing 2 recording precipitation gages within the
watershed, operating 1 manual precipitation gage for quality
assurance/quality control of data from the 2 recording gages,
and obtaining the volume of water transferred into or out of the
watershed from various water users and suppliers within the
watershed. From these data, the amount of evaporation from the
watershed could be estimated, as well asthe quantity of surface
runoff (overland flow), ground-water recharge, and ground-
water discharge into the stream (base flow).

A fluvial geomorphic assessment, broadly following the
guidelines described in Rosgen (1996), documents the current
physical characteristics of the Broad Run stream channel, the
current stability of the stream channel, and the vulnerability of
the stream channel to future land-use changes within the water-
shed. As part of this assessment, the entire stream was delin-
eated, or mapped, by use of a stream classification system
developed by Rosgen (1996). A stream classissimply away of
categorizing a segment of a stream or reach on the basis of its
pattern, profile, and dimension asit would appear when water
completely fills the channel; these classifications allow one to
make consistent comparisons of one stream to another, identify
disturbed reaches of a stream channel, and gain insight asto
how a stream channel will evolve. After Broad Run and itstrib-
utarieswere classified, three reaches along the main channel of
Broad Run were identified for a detailed geomorphic analysis;
for each reach, the hydraulic geometry of the channel was sur-
veyed, and the materialswithin the channel (bed material) were
measured and evaluated. Factors, such asthe bankfull channel
dimensions, size of the materials on and under the streambed,

1Terms defined in the Glossary arein bold type where first used.
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water velocity, stream slope, and channel roughness, were
recorded and (or) calculated. On the basis of these evaluations,
it was determined whether the stream channel was graded and
competent (or stable) inits present form and whether the reach
was vulnerable to future disturbances upstream within the
watershed. From the findings of this assessment, the overall sta-
bility and vulnerability of the watershed to future land-use
change were described.

A stream-quality assessment was completed to describe
the available habitat and quantify the current biologic and
chemical characteristics within the stream channel of Broad
Run. The stream-quality assessment was done as part of the
Chester County Biological Monitoring Network, along-term
chemical and biologic sampling program (Reif, 2002). Three
stream reaches—sel ected to represent conditions in the upper,
middle, and lower parts of the watershed—were sampled for
benthic macroinvertebrates and water chemistry. Sampling
locations were selected on the basis of drainage area, suitable
invertebrate sampling substr ate, changes in land use, and
accessibility. These sites underwent an extensive collection,
description, and evaluation of benthic macroinvertebrates, mea
surement of field-chemical characteristics (pH, dissolved oxy-
gen, specific conductance, and temperature), and detailed
water-quality analyses (chemical analyses for nutrients, ions,
and (at the most downstream site) metals). All three sites
received a habitat evaluation based on the U.S. Environmental
Protection Agency (USEPA) Rapid Bioassessment Protocols
(Barbour and others, 1999). These protocols describe habitat
availableto aquatic lifein acomprehensive and consistent man-
ner so that broad comparisons can be made among all stream
reaches and so that available habitat can be described in terms
of its effectivenessin promoting a diverse and healthy aquatic
ecosystem. Data from this stream-quality assessment can be
used by environmental managers as a comparative tool to
ensure water quality and available instream habitat and to pro-
mote a healthy and diverse assemblage of aquatic life within
Broad Run.

Environmental Hydrologic Setting

The Broad Run watershed drains 7.08 mi? to the West
Branch Brandywine Creek. The entire watershed is within the
Piedmont Upland Section of the Piedmont Physiographic Prov-
ince, which is described by Sevon (2000) as consisting mainly
of broad, rounded to flat-topped hillsand shallow valleys devel-
oped on schist, gneiss, and quartzite with some saprolite
(weathered and decomposed rocks). Thelocal relief of the Pied-
mont Upland Section islow to moderate, with altitudes ranging
from about 100 to 1,220 ft; however, within the Broad Run
watershed, altitudes range from approximately 200 ft near the
mouth of Broad Run to approximately 600 ft in the headwaters
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Golf courses
8 percent

Wooded areas
29 percent

Water-covered areas
less than 1 percent

Services ( schools and utilities)
1 percent ) .
Low- to medium-density
residential areas
27 percent

Various industry (pipeline
rights-of-way and so forth)
2 percent

of the basin. Therocksin this section of the watershed are
intensely folded and faulted, and the resulting drainage pattern
isprimarily dendritic (similar to the branch structure on atree).

Land use and (or) land cover within the Broad Run water-
shed is about evenly distributed among agriculture, woodland,
and low- to medium-density residential land (fig. 2). Since the
mid-1900s, 8 percent, or 0.58 mi?, of the watershed formerly
listed as predominantly agricultural was developed into the cur-
rent Tattersall Golf Club (Stacy Wallace, Tattersall Golf Club,
oral commun., 2004). The small percentage of land within the
watershed not categorized above (approximately 4 percent) is
covered by water (such as streams and ponds), used by munici-
pal services (such asschools), and (or) used asrights-of-way for
sewer lines, water lines, or other utilities, as shown in figure 2
(U.S. Geological Survey, 1996).

Geology

The rocks underlying Chester County are divided into
three main terranes (or areas with the same type of rocks);
these are the Mesozoic Terrane in the northern part of the
county, the Lancaster Terrane in the center of the county, and
the Brandywine Terrane in the southern part of the county
(Sloto, 1994). The Broad Run watershed lieswithin the Brandy-
wine Terrane.

Within the boundaries of the Broad Run watershed, the
Brandywine Terrane is further divided into two structural
groups, made up of metamor phic rocks from different geo-
logic periods. The younger of the two groupsis known as the
Glenarm supergroup and makes up the steep hillsand valleysin
the upper part of the watershed; the rockswithin thisgroup date
from the middle Ordovician to the late Precambrian geologic
periods from about 450 to 540 million years ago. The older,
underlying, group is known as the West Chester M assif and
makes up some of the southeastern part of the watershed; the

Agricultural areas
33 percent

Figure 2. Land-use percentages within the
Broad Run watershed, Chester County,
southeastern Pennsylvania (U.S. Geological
Survey, 1996).

rocks within this group date from the Precambrian geologic
period more than about 540 million years ago.

These two structural groups can be further divided into
smaller geologic formations, which are generally morerelevant
to this study than the larger terranes and groups. Extent of and
differences between geologic formations are commonly subject
tointerpretation; for thisreport, the formationswithin the Broad
Runwatershed (fig. 3andtable 1) will bedescribed asin Sloto
(1994). On top of these geologic formations and within the
stream valleys of the Broad Run watershed is alluvium—Ioose
sands, gravels, and soilsthat fill valleysasadjacent hillsidesare
eroded over time. The aluvium within the Broad Run water-
shed was deposited largely during the Quaternary geologic
period (within the last 1.8 million years) and is, thus, known as
Quaternary Alluvium; however, the erosion and deposition pro-
Cess continues today .

Various geologic formations are at the surfacein multiple
places within the watershed (fig. 3); for example, the Wissa-
hickon Schist Formation crops out in two distinct bands that
apparently are not connected within the watershed. Such muilti-
ple occurrences are mainly the result of folding and faulting of
rocksthat have lifted older, deeper formationsin relation to the
younger formations above. This type of structural deformation
can greatly ater the surface and subsurface geologic and geo-
morphic properties within awatershed and can, thus, greatly
affect theflow paths of surfacewater and (or) ground water. For
example, atributary to Broad Run flows down avalley created
by the large fault that bisects the watershed (fig. 3).

Formations composing the Glenarm supergroup that can
be readily observed as outcrops (areas of exposed rock) within
the watershed include the Peters Creek Schist, Wissahickon
Schist, Octoraro Phyllite, and Cockeysville Marble. Theforma-
tions containing phyllite and schist, which underlie the mgjority
of the watershed, are hard and generally consist of many very
thin layers (some as thin as a sheet of paper), called laminae.
Phyllitesand schist generally began asfine muds deposited near
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Figure 3. Geologic formations and selected hydrologic features within the Broad Run watershed, Chester County,
southeastern Pennsylvania.
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Table 1. Detailed descriptions of the geologic formations within the Broad Run watershed, Chester County, southeastern Pennsylvania.

Formation Age

Description

Quaternary Alluvium Quaternary

Quaternary aluvium is present as fine- to medium-grained unconsolidated material in

and along stream valleys as stream-bottom and flood-plain deposits. The aluvium
consists mostly of silt, sand, and gravels mixed with locally derived cobbles (Sloto,

The Peters Creek Schist consist of a flyschoid sequence of metagraywacke and pelite
rich in quartz and magnetite (Lyttle and Epstein, 1987). The Peters Creek Schistis

generally agreen, fine-grained, finely laminated, mica schist with numerousthin to
thick interbeds of chlorite-bearing granular quartzite. The pdlitic part is usually a
quartz-muscovite-chlorite-orthoclase schist (Sloto, 1994).

1994).
Peters Creek Schist Middle Ordovician
(Berg and others, 1983)
Wissahickon Schist Upper Cambrian to

Lower Ordovician
(Berg and others, 1983)

The Wissahickon Schist consists of metasediments metamorphosed to amphibolite
grade. It conformably overlies Cockeysville Marble and Setters Quartzite; however,
where they are absent, the Wissahickon isin fault-contact with the underlying

gneiss. The Wissahickon isalight to medium gray, fine- to medium-grained
quartzo-aluminous schist and gneiss. Composition ranges from quartz-orthoclase-
biotite and orthoclase-quartz-muscovite schist to quartz-biotite-plagioclase and
quartz-plagioclase-biotite schistose gneiss. Garnet and (or) sillimanite are locally
abundant. Foliation is generally very well developed (Sloto, 1994).

Middle Cambrian
(Berg and others, 1983)

Cockeysville Marble

The Cockeysville Marble is awhite, coarse-grained, saccharoidal marble and light
gray, fine-grained, banded marble. The Cockeysville Marble commonly contains

scattered, golden-brown phlogopite flakes (Sloto, 1994).

Octoraro Phyllite Upper Proterozoic to
Middle Cambrian

(Sloto, 1994)

The Octoraro Phylliteis a bluish-gray to greenish-gray, well-foliated, quartz-musco-
vite-chlorite phyllite with lustrous, smooth laminae. It commonly contains quartz
lenses parallel to the laminae around which foliation wraps. Locally, apurplish slate

may be present, and small plagioclase crystals are common in some of the layers

(Sloto, 1994).

The felsic gneiss, amphibolite facies, of the West Chester Massif is described as a
light- to medium gray, medium-grained, finely to coarsely layered quartz-plagio-

Middle Proterozoic
(Sloto, 1994)

Felsic Gneiss, Amphibo-
lite Facies

clase-biotite, potassium feldspar-garnet gneiss with, or without, hornblende (Sloto,

1994).

the shoreline of an ancient ocean. These muds were slowly bur-
ied and compressed by additional layers of sediment over mil-
lions of years; the tremendous weight of these additional sedi-
ments eventually turned the mud into a sedimentary rock
known as shale. Aseven more heat and pressure were added by
later mountain-building forces, the shale was metamorphosed
into phyllite; and some phyllite, with even more heat and pres-
sure, was metamorphosed into schist.

The Cockeysville Marble was produced in asimilar man-
ner; however, it began as an organic-rich mud in deeper waters
farther from shore. This mud was made up mainly of dead
microorganisms that settled to the bottom along with the waste
products from the organisms living in the waters above; these
muds were, consequently, high in calcium from shells and car-
bon from sealife. These organic-rich muds were slowly buried
and compressed over time by additional layers of sediment and,
eventually, turned into a sedimentary rock known as limestone.
This limestone, along with the other rocks in the region, was
further heated and compressed by mountain-building forcesand
eventually turned into the metamorphic rock marble.

Located largely within the southeastern part of the Broad
Run watershed, the West Chester Massif consists of only one
massive, or nonlayered, rock type known as a[felsic gneiss].

Thisgneisswasformed by the metamorphosis of aspecific type
of intrusive igneousr ock, which itself was formed long ago as
magma (molten rock that never reached the surface in aliquid
state), slowly cooled and crystallized. After the magmaformed
into solid rock, mountain-building forces heated and com-
pressed therock so intensely that many of its crystal grainsactu-
ally wereflattened and aligned in distinct bands before the rock
cooled and hardened again. Even though gneissisvery hard and
looks similar to granite, the banded pattern generally makes
gneissdistinct. The “felsic” part of “felsic gneiss’ simply
meansthat this particular gneissis composed mainly of the min-
era feldspar.

Hydrogeology

The Peters Creek Schist, Wissahickon Schist, Octoraro
Phyllite, and felsic gneiss, as discussed previously, underlie
most of the Broad Run watershed. Ground-water flow paths
within metamorphic rocks usually take the shortest route avail-
able; water flows from hilltops directly to stream valleys, gen-
erally following the local topography. Ground water in meta-
morphic rocks usualy is unconfined, and the water tableis
generally a subdued replica of the land surface (Sloto, 1994).



Precipitation falling on the metamorphic rockswithin the Broad
Run watershed will, generally, move as surface runoff and
ground water directly downhill toward the nearest stream,
unlessdiverted by pumping wells, lost to evapotranspiration, or
taken into storage, and will generally flow out of the basin
where Broad Run joins the West Branch Brandywine Creek.

The Cockeysville Marbleunderliesonly asmall part of the
Broad Run watershed. Carbonate rocks can be dissolved by car-
bonic acid, which is acommon constituent in rainwater; car-
bonic acid isformed naturally as carbon dioxide in the air com-
bines with rainwater asit fallsto earth. Asthis acidic water
slowly dissolves the marble, cavities may develop along frac-
tures and (or) near the contact with other geologic formations;
these cavities may, consequently, transmit large amounts of
water underground. Local climate and the geochemical compo-
sition of the carbonate rocks (which controls how quickly they
dissolve) generally determine the manner in which a carbonate
stream responds to runoff. Ground-water flow paths within
these carbonate geologic settings seldom mimic local topogra-
phy, and ground water commonly does not flow directly down-
hill because it moves through solution cavities that are more
often controlled by geochemistry and geol ogic structure than by
topography (Schreffler, 1998).

Hydrologic effects due to the properties of the Cock-
eysville Marble were observed over a short reach of an
unnamed tributary to Broad Run. During field visits, this tribu-
tary wasobservedtogodry asit flowed acrossan areaunderlain
by Cockeysville Marble and reappear from a spring farther
downstream (fig. 3). Such loss and (or) gain of streamflow is
common as streams flow into carbonate regions, passinto vari-
ous solution cavities below ground, and emerge from springs
farther downstream (generally at geologic contacts with more
resistant formations). Also of note is that, based on these field
observations, solution cavities may have formed within this par-
ticular outcrop of Cockeysville Marble, making future sink-
holes in the outcrop area a possibility. Although no sinkholes
were observed within the Broad Run watershed, sinkholes have
formed within the Cockeysville Marble in nearby West Marl-
borough and London Grove Townshipsin Chester County
(Kochanov, 2004).

Soils

Soils within the Broad Run watershed belong to the fol-
lowing groups, or series, of soils: Chester, Chewacla, Glenelg,
Glenville, Manor, udorthents (disturbed soils) and urban lands,
Wehadkee, and Worsham. These series include many smaller
subseries or “phases’ of soilsthat, although similar in overall
characteristics, may differ slightly in the lesser characteristics
of slope, weathering, and (or) particle size. Although descrip-
tions of soil phases commonly are used for specific purposes,
such as engineering and (or) woodland management, the larger,
series classification is suitable for the descriptive purpose of
this report. Descriptions of soils series are from the 1959 Soil
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Survey of Chester and Delaware Counties, Pennsylvania (U.S.
Department of Agriculture, 1963) unless noted otherwise.

Chester Series

The Chester series constitutes less than 1 percent of the
soil within the Broad Run watershed (fig. 4) (U.S. Department
of Agriculture, 1994). This seriesis made up of deep, well-
drained, productive soils with moderate to moderately rapid
permeability and amoderate to moderately high available mois-
ture capacity. The surfacelayer of these soilsisdark brown, and
the subsoil is strong brown to yellowish red and friable.

Within the Broad Run watershed, Chester soils are under-
lain mainly by schist and gneiss, but in other placesthey can be
underlain by other igneous rocks. The Chester soils developed
from schist generally become more micaceous (contain more
mica) with depth. Soil slopes are commonly from 3 to
10 percent but can range from 0to 65 percent (U.S. Department
of Agriculture, 2004). Depth to bedrock typically rangesfrom 6
to 10 ft (U.S. Department of Agriculture, 2004). Chester soils
arefound near soils of the Glenelg, Manor, Glenville, and Wor-
sham series, and all formed on similar parent materials.

Chester soils are generally dlightly acid to medium acid.
Crops generally respond well if lime and fertilizer are added,;
therefore, this soil is commonly farmed. Principal crops grown
on Chester soils are corn, soybeans, small grains, and (or) hay.
This soil isaso used for pasture (U.S. Department of Agricul-
ture, 2004). Native vegetation on Chester soils generally con-
sists of hardwoods including white oak, red oak, black oak,
hickory, tuliptree, wild cherry, walnut, ash, and maple.

Chewacla Series

The Chewacla series constitutes about 2 percent of the soil
within the Broad Run watershed (fig. 4) (U.S. Department of
Agriculture, 1994). This seriesis made up of deep, moderately
well drained soils with moderate permeability and moderate
available moisture capacity. The surface layer of these soilsis
dark brown, and the subsoil isan often mottled yellowish brown
or dark brown. Chewaclasoilsare generally free of large stones.
Soil slopes range from 0 to 2 percent, and depth to bedrock is
typicaly greater than 6 ft (U.S. Department of Agriculture,
2004).

Chewacla soils are derived from alluvial sediments
washed from soils devel oped on upland regions and are found
near Wehadkee soils. The parent soils of the Chewacla series
wereinitially derived from the weathering of gneiss and schist
within the Broad Run watershed. Because of this origin, strati-
fication of the sandy and silty materials occurs in some places,
mostly along small streams that are subject to overflow.

Chewacla soils generally are acidic and have a good sup-
ply of plant nutrients. Restricted drainage and the hazard of
flooding, however, limit the growth of some crops. Much of the
areaunderlain by this soil is, therefore, used for pasture. Native
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Figure 4. Soil-series percentages within the Broad Run watershed, Chester County, southeastern Pennsylvania

(U.S. Department of Agriculture, 1994).

vegetation on Chewacla soil includes, but is not limited to,
white oak, red oak, hickory, tuliptree, walnut, and ash.

Glenelg Series

The Glenelg series constitutes about 30 percent of the soil
within the Broad Run watershed (fig. 4) (U.S. Department of
Agriculture, 1994). The seriesis made up of moderately deep,
well-drained silt loams on upland areas with moderate perme-
ability and moderate available moisture capacity. The surface
layer isgenerally adark brown, and the subsoil isgenerally dark
to strong brown with slightly more clay than the upper layer.
Beneath the subsoil is commonly a strong-brown or reddish-
brown loam that can contain many fragments of mica.

Within the Broad Run watershed, Glenelg soils are under-
lain mainly by mica schist (U.S. Department of Agriculture,
2004) but are also underlain by gneissin places. Soil slopes
range from O to 55 percent, and depth to bedrock istypically
from 6 to 10 ft but can be more (U.S. Department of Agricul-
ture, 2004). Glenelg soils are generally found near soils of the
Chester, Manor, Glenville, and Worsham series, and al are
formed on similar parent materials.

Glenelg soils are generally acidic; therefore, crops do not
respond well unlesslimeis added. Glenelg soils are generally
fertile with the addition of lime and well suited to a variety of
crops including tree fruits (orchards), row crops, and pasture.
Native vegetation on Glenelg soilsincludes, but is not limited
to, white oak, red oak, black oak, hickory, tuliptree, white pine,
scotch pine and norway spruce.

Glenville Series

The Glenville series constitutes about 5 percent of the soil
within the Broad Run watershed (fig. 4) (U.S. Department of
Agriculture, 1994). The series is made up of deep, moderately
well drained soils on low-lying upland areas and around the
heads of streams. Glenville soils exhibit moderately slow per-
meability and moderately high available moisture capacity. The
surface layer is generally very dark brown or dark grayish
brown, and the subsoil is generally a mottled yellowish brown
or strong brown.

Glenville soils are underlain mainly by schist and gneiss
within the Broad Run watershed. Soil slopes range from 0 to
15 percent, and depth to bedrock is typically more than 5 ft
(U.S. Department of Agriculture, 2004). Glenville soilsare gen-



erally found near soils of the Chester, Glenelg, Manor, and
Worsham series.

Glenville soilsare generally acidic to very strongly acidic;
therefore, crops do not respond well unless limeisadded. With
the addition of lime, Glenville soils are moderately to highly
fertile but retain moisture for fairly long periods; therefore,
deep-rooted plantsthat do not tol erate wethess may not do well
on these soils. Native vegetation on Glenville soilsincludes, but
isnot limited to, red oak, hickory, elm, ash, walnut, and tulip-
tree.

Manor Series

The Manor series constitutes about 48 percent of the soil
within the Broad Run watershed (fig. 4) (U.S. Department of
Agriculture, 1994). The series is generally made up of deep,
well-drained soils on upland areas. Manor soils exhibit moder-
ate to moderately rapid permeability (U.S. Department of Agri-
culture, 2004) and a generally moderate to low available mois-
ture capacity. The surfacelayer isgenerally dark brown, and the
subsoil is generally ayellowish red or yellowish brown with
large amounts of mica. In many places, thissoil may haveadip-
pery, or greasy, feel because of the abundance of mica.

Manor soils are underlain mainly by micaceous schist
(U.S. Department of Agriculture, 2004); however, these soils
have also been found over gneiss (U.S. Department of Agricul-
ture, 1963). Soil slopes can range from 0 to 65 percent, and
depth to bedrock can typically equal or exceed approximately 6
to 10 ft (U.S. Department of Agriculture, 2004). Manor soilsare
generaly found near soils of the Chester, Glenelg, Glenville,
and Worsham series.

Manor soils are generally acidic. On lesser slopes, row
crops and pasture can often be productive if lime and fertilizer
are added; however, on steeper hillsides, Manor soils are gener-
ally poorly suited for cultivation. Native vegetation on lesser
slopesincludes, but is not limited to, red oak, black oak, hick-
ory, beech, and tuliptree. Native vegetation on steeper slopes
includes, but is not limited to, the above-mentioned vegetation
plus Virginia pine, jack pine, white pine, and pitch pine.

Udorthents and Urban Land

Udorthents and urban lands are often referred to as“made
land” in soils descriptions. These soils are generally the result
of other soils being destroyed, covered by other materials, or
generaly disturbed by urban or industrial development.
Because of the great variability introduced by creation of these
soils, no general characteristics, such as permeability, can be
assigned to the series. Within the Broad Run watershed, udorth-
ents and urban land constitute approximately 10 percent of all
soils (fig. 4) (U.S. Department of Agriculture, 1994).
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Wehadkee Series

The Wehadkee series constitutes about 4 percent of the
soil within the Broad Run watershed. (fig. 4) (U.S. Department
of Agriculture, 1994). The seriesis generally made up of deep,
poorly drained soils on flood plains. Within the Broad Run
watershed, Wehadkee soils are moderately permeable and have
ahigh water table through most of theyear. The surfacelayer is
dark grayish brown, and the subsoil isyellowish brown. In most
places, stratified sand and silt occur in these soils.

Within the watershed, Wehadkee soils are generally
formed by alluvium washed by streams from upland soils
underlain by schist and gneiss. These soilsform in valley bot-
toms and, subsequently, have generally flat slopes; soil depths
are typically about 4 ft. Within the watershed, Wehadkee soils
are generally found near soils of the Chewacla series.

Wehadkee soils are generally acidic within the watershed.
Frequent flooding and a high water table restrict root growth
and limit commercial crops. Native vegetation includes, but is
not limited to, red maple, alder, ash, elm, and sycamore with
lesser amounts of white and red oak.

Worsham Series

The Worsham series constitutes about 1 percent of the soil
within the Broad Run watershed (fig. 4) (U.S. Department of
Agriculture, 1994). The seriesis generally made up of deep,
moderately well drained soils on upland areas. These soils are
found mainly in marshy areas fed by springs at the heads of
streams, along small streams, in dlight depressions, and the base
of slopes; as aresult, these soils are often saturated, poorly aer-
ated, and slowly permeable. The surface layer is dark grayish
brown or black, and the subsoil is yellowish brown.

Worsham soils are underlain mainly by weathered schist
and gneiss within the Broad Run watershed, but these soils can
form on other rock types. Soil slopes are generally slight, rang-
ing from O to 3 percent. Depth to bedrock varies but typically
exceeds5 ft. Worsham soilsare typically found near soils of the
Chester, Glenelg, and Glenville series.

Because of frequent saturation, Worsham soils are not eas-
ily penetrated by roots, thereby limiting commercial cropsother
than pasture. Worsham soils are strongly acidic and arelow in
plant nutrients. Native vegetation includes, but isnot limited to,
red maple and elm with lesser amounts of ash, white oak, black
oak, and beech.
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Methods

Methods used for this study to estimate an annual water
budget, assess fluvial geomorphology, and assess stream qual -
ity within the Broad Run watershed are described below. All
methods are quality assured by standard practices and (or)
USGS protocol to ensure consistent, accurate, and reproducible
results.

Water Budget

The basic expression of the annual water budget for the
Broad Run watershed is

P= S + AGW+ ET, (1)

where P is precipitation, S is streamflow, AGW is changein
ground-water storage, and ET is evapotranspiration 10ss.

All terms in the water-budget equation are determined
from direct measurement except for evapotranspiration (ET) for
which the equation is solved. Locations of all precipitation
gages, ground-water observation wells, and streamflow-gaging
station are shown in figure 5. Water-budget computations are
based on hydrologic conditions from April 1, 2003, to March
31, 2004.

Precipitation in the Broad Run watershed was measured at
two recording precipitation gages, one near the streamflow-
gaging station (R1) and a second one at a higher elevation, near
Tattersall Golf Club on the watershed divide (R2) (fig. 5). Pre-
Cipitation amounts may vary throughout awatershed (evenina
relatively small basin such as Broad Run); therefore, datafrom
the two recording precipitation gages were averaged to deter-
mine a mean precipitation over the entire watershed.

Streamflow draining from the Broad Run watershed was
directly measured at USGS streamflow-gaging station
01480638, Broad Run at Northbrook, established near the
mouth of Broad Run (figs. 5 and 6). Drainage area above this
station is 6.39 mi? of the total 7.08 mi2 within the watershed.
Runoff from the remaining 0.69 mi2 of the watershed was
accounted for by increasing measured streamflow by 10 per-
cent.

Streamflow in this water budget was separated into base-
flow and direct-runoff components by use of a hydrograph-sep-
aration technique known as the local-minimum method of the
HY SEP computer program (Sloto and Crouse, 1996). This
method uses a hydrograph of mean daily streamflows and deter-
mines minimum mean daily values of streamflow on that
hydrograph within agiven dlidinginterval. By connecting these
local-minimum values into a separate base-flow hydrograph,
the amount of streamflow resulting from direct runoff and base
flow can be estimated.

Water-level datafrom 14 observation wells within or
directly adjacent to the Broad Run watershed, and within avari-
ety of topographic and geologic settings, were collected
monthly to identify usable observation wellsand eliminate from

consideration observation wellsthat had water levels subject to
pronounced effects from nearby pumping (comprehensive
tables are presented in appendix 3). Small effects from nearby
pumping were acceptable provided the affected data did not
coincide with the beginning or end of the annual water budget,
because only the change between the first and last water-level
measurements was used to determine the annual changein
ground-water storage. On the basis of these criteria, six wells
(CH-1158, CH-5071, CH-6666, CH-6667, CH-6668, CH-6672)
were selected for usein computation of the annual water budget
for the watershed.

Given that aquifer systems within metamorphic rocks are
generally controlled by secondary porosity (fractureswithinthe
rocks) and not primary porosity (water moving through the
rocks themselves), data from the above mentioned six observa-
tion wellswere averaged to best determinethe general character
of water-level change within the watershed. In aquifer systems
controlled by secondary porosity, large differences in absolute
water levels and (or) response to nearby pumping stresses are
common in relatively close wellsif the fractures intersected by
those wells are not the same.

The average of the observed annual changesin water lev-
elswithin these six wells was multiplied by 0.08, the specific
yield of the zone of water-leve fluctuation (McGreevy and
Sloto, 1980). Specific yield istheratio of the volume of water a
rock will yield if allowed to drain, by gravity only, to the vol-
ume of the rock; for example, if the water level drops 1 ftina
well within the Broad Run watershed, this drop equates to
approximately 0.08 ft of actual water because the space taken
up by the rocks from which the water drains must be accounted
for. By multiplying the observed annual change in water level
by specific yield, the change in water level within the observa-
tionwellscan bedirectly related to theamount of water entering
or leaving ground-water storage.

Fluvial Geomorphology

Assessment of fluvial geomorphology (including geomor-
phic stream classifications subsequently used for this study) is
highly dependent on the correct identification of the bankfull
channel (Rosgen, 1996). Small increases in streamflow occur
very often in response to runoff but do not have the capacity to
shape the stream channel (because of insufficient energy to
erode and transport sediment); large floods can drastically alter
the stream channel but do not occur very frequently. Conse-
quently, astream channel isformed primarily by streamflowsat
or near bankfull discharge, which are relatively frequent and
have sufficient power to move much of the materia within the
stream channel. Bankfull discharge is often related to the 1- to
2-year flood-recurrenceinterval, or that flood with aprobability
of occurring every 1to 2 yearson average. ldentifying the bank-
full channel can be difficult because indicators marking the ele-
vations and boundaries of the bankfull channel can be hard to
find and measure in the field. Terraces (remnants of past
stream-channel flood plains), scour lines, depositional features
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Figure 5. Locations of ground-water observation wells, recording precipitation gages, and streamflow-gaging sta-
tion within the Broad Run watershed, Chester County, southeastern Pennsylvania.
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Figure 6. View of U.S. Geological Survey streamflow-gaging
station 01480638 showing recording precipitation gage with
solar panel, gage shelter, and crest-stage gage, Chester
County, southeastern Pennsylvania (Photograph courtesy of
Craig Thomas, Chester County Water Resources Authority,
2003).

left by past floods, and (or) heavy vegetation commonly hamper
interpretation of which indicator istheresult of the recent bank-
full discharge and which isthe result of large floodsin the past.

Inorder toincreasethereliability of thefield interpretation
of bankfull indicators, regional hydraulic geometry curves
devel oped for the Piedmont Physiographic Provincein Pennsyl-
vaniaand Maryland (Cinotto, 2003) were used. Regional
hydraulic geometry curves relate the bankfull-channel area,
width, and mean depth, as well as bankfull discharge, to drain-
age areas of streams with similar runoff characteristics. To
determine the correct bankfull-channel feature, bankfull area,
width, and mean depth are measured directly from surveyed
cross sections and compared to regional-curve data for valida-
tion. Prior to use of regional hydraulic geometry curves, bank-
full discharge must be measured directly from manual stream-
flow measurements or cal culated from survey data by means of
the following equation:

Q=VA, )

where

Q isbankfull discharge, in cubic feet per second;

V isbankfull velocity, in feet per second;
and

A isbankfull area, in square feet.

Velocity in the above equation is calculated by means of
the Manning equation, given as

V= (149 R¥35Y2 I, ©)

where

V isbankfull velocity, in feet per second,

R isbankfull hydraulic radius, in feet;

S isbankfull slope, in feet per foot;
and

n isManning'sroughness coefficient.

Manning’ s roughness coefficient (n) may be estimated by
graphical means as described in Rosgen (1998) or by visual
means as described in Barnes (1967).

After correctly identifying the bankfull channel for agiven
stream reach and the corresponding discharge, thefirst phase of
the fluvial-geomorphic assessment, the geomorphic stream
classification, was begun. The classification system used for
this phase of the study was a simplified version of the system
developed by Rosgen (1996), which broadly categorizesthe
character of a stream reach on the basis of its morphology (or
form). A simplified classification system worked for this study
because most stream reaches within the Broad Run watershed
were observed directly by USGS personnel on the ground; this
direct observation allowed for quick selection of stream class
based on entrenchment ratio, bankfull width to depth ratio, and
slope and eliminated the need to assess stream sinuosity, asis
often required when direct observation isimpossible or imprac-
tical.

Thefirst step in the geomorphic stream classification was
to estimate the predominant entrenchment ratio along agiven
reach of stream. The entrenchment ratio is the width that the
stream would reach if it were at aflood stage equal to twice the
maximum depth of the bankfull channel divided by the width at
thetop of the bankfull channel. The second step wasto estimate
the predominant bankfull width to depth ratio of the samereach
of stream. The bankfull width to depth ratio is the maximum
width at the top of the bankfull channel divided by the mean
depth of the bankfull channel. Thethird step wasto estimatethe
predominant slope of the bankfull channel along the reach of
stream; for thisbroad classification of stream class, coarse slope
estimates were assigned categorically. These parameters were
then entered into table 2 (modified from Rosgen, 1996, fig. 5-3)
to determine the stream classification for the reach. These data,
for all stream reaches within the Broad Run watershed, were
then compiled and are described in detail below. Areas domi-
nated by features, such as lakes, ponds, or wetlands, were not
classified by this method. The boundaries between stream
reaches of various stream classes were plotted at the approxi-
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Table 2. Geomorphic data categories used in delineation of stream classes within the Broad Run watershed, Chester County, southeast-

ern Pennsylvania.

[ft/ft, feet per foot, <, lessthan; >, greater than; classifications modified from Rosgen, 1996]

Stream classification A G F B E C

Entrenchment ratio <14 <14 <14 14-22 >2.2 >2.2
(+or-0.2)

Width/Depth ratio <12 <12 >12 >12 <12 >12
(+or-2.0)

Slope range (ft/ft) >0.100-0.040 0.039-<0.020 0.039-<0.020 0.099-<0.020 0.039-<0.020 0.039 - <0.001

mate location where the stream types were observed to change
on maps, on aerial photographs, and (or) in field observations;
these boundaries are generally not hard-line boundaries but
rather areas where morphology of the stream channel changes
gradualy.

The second phase of the fluvial geomorphic assessment,
which generally was based on thelevel 1| and level 111 assess-
ment methods developed by Rosgen (1996, 1998, 2002),
involved much moreintensive and descriptive study of selected
reaches throughout the watershed. This intensive study was
required to estimate the current stability of the stream channel
and the vulnerability of the stream channel to futureland-use or
hydrologic changes within the watershed. For this second
phase, three stream reaches were selected at approximately the
top, middle, and bottom of the main channel of Broad Run. At
each reach, three detailed surveys were done: alongitudinal
profile (side view of the stream channel) and two cross-section
surveys (perpendicular “slices’ through rifflesin the stream
channel) (fig. 7). Rebar was driven below grade at the ends of
each cross section, and a global positioning system (GPS) was
used to mark the endpoints of all surveys so that futurerecovery

and study would be possible (fig. 8). At each cross section, a
pebble count, adopted from Wolman (1954), was done to deter-
mine the particle-size distribution of the streambed materials
(fig. 9). One core sample a so was collected at each cross sec-
tion by excavating materials within a plastic cylinder that had
been pressed into the sediment (fig. 10); these sediments were
later sieved in the laboratory. Data from these core samples
were used to determine the particle-size distribution of materi-
alsthat were potentially mobile (entrained) during stream-chan-
nel formation. Core samples were collected from the down-
stream third of a point bar at an approximate elevation equal to
half the distance between the deepest part of the bankfull chan-
nel and the top of the bankfull channel. These core samples
were collected on the nearest point bar to the riffle wherein the
cross-section survey was completed. If no depositional feature,
such as a point bar, was present, core samples were collected
from the streambed within the same riffle wherein the cross-
section survey was completed. Digital photographs also were
taken at each geomorphic study site to document current site
conditions, and ancillary data, such asthe valley type (Rosgen,
1996), were noted.

Figure 7. U.S. Geological Survey personnel surveying cross
section on Broad Run, Chester County, southeastern Pennsyl-
vania (Photograph courtesy of Craig Thomas, Chester County
Water Resources Authority, 2003).

Figure 8. U.S. Geological Survey personnel collecting global
positioning system data on Broad Run, Chester County, south-
eastern Pennsylvania (Photograph courtesy of Craig Thomas,
Chester County Water Resources Authority, 2003).
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Figure 9. U.S. Geological Survey technician making a pebble
count, Chester County, southeastern Pennsylvania. (Photo-
graph by P.J. Cinotto, U.S. Geological Survey).

Subsequent data analysis for intensive, geomorphic study
reaches generally was divided into five steps, as described in
Rosgen (2002): basic data processing and tabulation, calcula
tion of critical dimensionless shear stress, calculation of mean
depth required for entrainment of the largest particlein the core
sample, calculation of the bankfull slope required for entrain-
ment of the largest particle in the core sample, and sediment
transport validation, a step that determines the largest particle
that could be moved under bankfull flow given the tractive

Figure 10. U.S. Geological Survey technician collecting core
sample, Chester County, southeastern Pennsylvania. (Photo-
graph by P.J. Cinotto, U.S. Geological Survey).

force or shear stress. Basic data processing and tabulation
involvesthereduction of field datainto detailed descriptive data
(as per Rosgen level |1 assessment criteria; Rosgen, 1998) and
guantitative variables for subsequent use in calculations that
determine the stability of the stream channel (as per Rosgen
level 111 assessment criteria; Rosgen, 2002). Descriptions of
data used for geomorphic analysis are presented in table 3, and
descriptions of the data required for subsequent stability calcu-
lations are presented in table 4.

Table 3. Data required for fluvial geomorphic analysis of intensive study sites, Broad Run, Chester County, southeastern Pennsylvania,

2003.

Data type’

Description of data’

Bankfull width
Bankfull mean depth

Bankfull cross-sectional area
Bankfull maximum depth
Entrenchment ratio

Channel materials: Dgg and Dgy
Core samples: D5y and Di
Bankfull water-surface slope

Stream reach sinuosity
Stream class

Valley type

Width of the stream channel, at bankfull stage elevation, in ariffle section (feet).

Mean depth of the stream-channel cross section, at bankfull stage elevation, in ariffle section
(feet).

Area of the stream-channel cross section, at bankfull stage elevation, in ariffle section (square
feet).

Maximum depth of the bankfull channel cross section in ariffle section (feet).

The ratio of the flood-prone-area width (width from left to right edges of water at a depth equal
to twice the bankfull stagein ariffle section) divided by the bankfull width; maximum value
of 2.2 for thisreport.

The particle size (D) greater than 50 or 84 percent, respectively, of al particles sampled from
the streambed (millimeters).

The Dgy™ particle size is greater than 50 percent of all particles within the core sample; the Di
particle sizeisthe largest particle in the core sample (millimeters).

The water-surface slope representing the gradient at bankfull stage through the respective cross
section (feet/foot).

Theratio of stream length divided by the valley length.

The descriptive categorization of the bankfull stream channel by the pattern, profile, and dimen-
sion of that channel as per Rosgen (1996).

The descriptive categorization of stream valley as per Rosgen (1996).

IModified from Rosgen, 1998.



Table 4. Required data for use in fluvial geomorphic stability
calculations at intensive study sites, Broad Run, Chester
County, southeastern Pennsylvania, 2003.

[mm, millimeter; ft/ft, feet per foot, ft, feet]

Para- Description of parameter
meter
Dgy  Particle diameter grester than 50 percent of al

particles on the streambed within the riffle
(mm).

Dgg®  Particle diameter greater than 50 percent of all
particles within the core sample (mm).

Di Largest particle in core sample (mm).

S Existing bankfull slope at cross section (ft/ft).
Existing mean bankfull depth at cross section (ft).
Hydraulic radius (ft)

T o

Dimensionless critical shear stressis calculated by use of
one of three equations, depending on specific site conditions, or
parameters (table 5). Dimensionless critical shear stress values
are needed for determining the tractive forces required within
the stream channel to initiate particle movement and, conse-
quently, alter the stream-channel morphology.

Calculation of mean depth required for entrainment of the
largest particlein the core sample determinesthe depth at which
thearmoring layer of the streambed, within a specific cross sec-
tion, will potentially betransported. Thiscal culationisbased on
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the dimensionless critical shear stress calculation and follows
an equation given by Rosgen (2002):

dr = T*ci ysDi /S 4)
where
d, ismean depth required to initiate movement of Di, in
feet;
T isdimensionlesscritical shear stress;

Ys issubmerged specific weight of sediment;
Di islargest particlein core sample, in feet;
and

S ispresent bankfull slope, in feet per foot.

Calculation of the slope required for the entrainment of the
largest particlein the core sample determinesthe slope at which
thearmoring layer of the streambed, within a specific cross sec-
tion, will potentially be transported. This calculation also is
based on the dimensionless critical shear stress calculation and
follows an eguation given by Rosgen (2002):

S=TgVYsDild, ()

where
S issloperequired toinitiate movement of Di, in feet per
foot;
and
d ispresent bankfull mean depth, in feet.

Table 5. Parameters and associated equations for the determination of dimensionless
critical shear stress, Broad Run, Chester County, southeastern Pennsylvania, 2003.

[T*Ci, dimensionless critical shear stress; Dg, particle size greater than 50 percent of all particlesin
streambed sample (in millimeters); Dsg", particle size greater than 50 percent of al particlesin core
sample (in millimeters); Di, largest particle in core sample (in millimeters)]

Selection of dimensionless critical shear stress equation

Parameter Equation Reference
Dsy/ Dgy*=3t07 T ¢ = 0.0834(Dsgy / Dg) 0872 Rosgen, 2002
Di/ Dgg=1.3t0 13 T ¢ = 0.0384(Di / Dgy) 0887 Rosgen, 2002
If none of theabovearemet 1" = 0.0834(Di / Dgp) 0872 Andrews, 1984

This parameter was originally presented in Rosgen (2002) with two significant figures (1.3 to 3.0);
however, the significance of upper range of this parameter was reduced to one for this study on the basis

of site observations.
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Sediment transport validation determines the particle size
that may potentially be moved on the basis of the calculated
shear stress within the cross section, and it relates that particle
size to the required mean depth and required slope calculations
above. For example, if the above equations indicate that more
depth and slope are needed to initiate movement of the largest
particle in the respective core sample, the sediment transport
validation should yield a moveable particle size smaller than
that largest particle. This validation process begins with calcu-
lation of shear stress within the cross section based on the fol-
lowing equation:

T,= YRS (6)

where
T, isshear stress, or unit tractive force, within the cross
section, in pounds per square foot;

y isunit weight of water (62.4 Ib/ft3);

R ishydraulic radius at the cross section, in feet;
and

S ispresent bankfull slope, in feet per foot.

From the above cal culation of shear stresswithin the cross
section, the following equation (from the equation originally
developed by Shields (1936)) is used to estimate a representa-
tive particle that may be moved under the given tractive force
or shear stress within the respective cross section (note that t
approximates t,):

Ds=T1/6:Ws. ()

Dy isrepresentative movable particle size, in feet;
T iscritical shear stress, or unit tractive force, within the
Cross section, in pounds per square foot;
6. is Shields parameter;

y isunit weight of water (62.4 Ib/ft3);

and
ys issubmerged specific weight of sediment (for quart-
zose sediment = 1.65).

The Shields equation is dependent on a constant that is
selected to represent the relative condition of the streambed,;
this constant, known as the Shields parameter, is, in effect, a
version of the above dimensionless critical shear stress that has
been adjusted to match datafrom laboratory and (or) field data.
Gordon and others (1992) define the Shields parameter with
respect to various stream conditions listed in table 6; however,
other research has suggested subtle variations to these ranges.
The bed materials of Broad Run generally were described as
loosely packed gravels throughout the stream’ s length; conse-
guently, arange of Shields parameters (0.015 to 0.035) was
selected to bracket a representative range of particles that may
be potentially moved under the given tractive force or shear
stresswithin each respective cross section during bankfull flow.

Table 6. Shields parameter classifications used for

fluvial geomorphic assessment of Broad Run, Chester County,
southeastern Pennsylvania,

2003.

[B.., Shields parameter; from Gordon and others, 1992; >, greater than]

Suggested values for the Shields parameter, for mixed bed

sediments
Condition of streambed 6.
Loosely packed: “quicksands’ and gravelswith 0.01to 0.035
large, water-filled voids.
Normal: uniform materials of a“settled” bed 0.035to 0.065
with fairly random grain arrangements.
Closely packed: smaller materialsfill the voids 0.0651t00.10
between larger particles.
Highly imbricated. >0.10

Stream-Quality Assessment

Three stream reaches representing the upper, middle, and
lower parts of the watershed were sampled between 1999 and
2002 for benthic macroinvertebrates and water chemistry.
These sites underwent an extensive collection, description, and
evaluation of benthic macroinvertebrates, on-site measurement
of chemical and physical characteristics (pH, dissolved oxygen,
specific conductance, and temperature), and detailed water-
quality analyses (chemical analysesfor nutrients, ions, and met-
als at the most downstream site). All three sitesreceived an
evaluation of habitat based on the U.S. Environmental Protec-
tion Agency (USEPA) Rapid Bioassessment Protocols (Bar-
bour and others, 1999). These siteswere part of along-term bio-
logic monitoring project that collected annual benthic-
macroinvertebrate and water-chemistry data throughout Ches-
ter County, Pennsylvania (Reif, 2002).

Dissolved oxygen, pH, water temperature, specific con-
ductance, alkalinity, and streamflow were measured at the same
time and location as the biologic samples were collected.
Water-quality measurements were made at various locations
along across section to determine the mixing conditions at each
sampling location (fig. 11).

Samplesfor chemical analysiswere collected at each sam-
pling location by use of techniques described by Wilde and oth-
ers(1999). Because the sampleswere collected at base flow and
all of the streams sampling locations were shallow and well
mixed, a non-isokinetic (variable flow) sample was collected
from asingle point near the center of flow. Chemical samples
were analyzed at the USGS National Water-Quality L aboratory
in Arvada, Colo., for nutrients, major ions, and selected metals
according to methods in Fishman and Friedman (1989) and
Wershaw and others (1987).

The habitat-quality assessment was done at each site a the
time of biologic sampling and during the summer. Measure-
ments such as stream width and depth, available substrate,
embeddedness, sediment deposition, and bank stability were



Figure 11. U.S. Geological Survey biologist measuring water
chemistry of Broad Run, Chester County, southeastern Penn-
sylvania. (Photograph by P.J. Cinotto, U.S. Geological Survey).

made from various cross sectionsin a300-ft reach that included
the biologic sampling area (riffle). All evaluationswere done at
base flow.

Biologic samples consisted of benthic macroinvertebrates
collected from within ariffle (fig. 12). Samples were collected
from areas of various velocities by use of a Hess sampler with
amesh size of 500 um. The Hess sampler isametal cylinder
with anet attached to capture dislodged organisms (Merritt and
Cummins, 1996). The metal cylinder is approximately 0.5min
diameter and samples an area of 0.8 m?2. All collections were
made in triplicate for atotal areaof 2.4 m?. The samples were
composited into a container and preserved in 95 percent etha-
nol. The entire samplewas sieved through a500-um sieve prior
to sorting to remove large debris and other waste materials.
Benthic macroinvertebrates were identified to the lowest prac-
tical taxonomic level (usually genus).

Benthic-macroinvertebrate data were summarized by
means of two biologic metrics: Ephemeroptera, Plecoptera,
and Trichoptera (EPT) taxa richness and the Hilsenhoff Biotic
Index (HBI) (Hilsenhoff, 1982). EPT taxarichnessis the total
number of taxa within the orders Ephemeroptera (mayflies),
Plecoptera (stoneflies), and Trichoptera (caddisflies). These
three orders of insects generally are considered pollution sensi-
tive, and their presence is associated with good stream quality
(Klemm and others,1990). EPT taxa richness generally
increases with improving stream quality. HBI is based on the
sensitivity of organismsto organic pollution, water quality, and
habitat conditions. The HBI assignstolerance valuesthat range
from O (least tolerant) to 10 (most tolerant) with respect to
organic pollution, water quality, and habitat conditions. Organ-
isms intermediate in their tolerance are assigned intermediate
values (Hilsenhoff, 1982). The HBI is determined by multiply-
ing the number of individuals of each taxon by its assigned tol-
erance val ue, summing these products, and dividing by thetotal
number of individuals. Tolerance values are from the genus and

Figure 12. U.S. Geological Survey biologist collecting benthic-
macroinvertebrate sample from Broad Run, Chester County,
southeastern Pennsylvania. (Photograph by P.J. Cinotto, U.S.
Geological Survey).

species-level biotic index devel oped by the State of New Y ork
(Bode, 1991).

Quality Assurance / Quality Control

Quality-assurance and quality-control procedures adhered
to published guidelines, as referenced below, and (or) were
designed to ensure the accuracy and precision of al datawith
respect to the required analysis and (or) interpretation. Data
falling outside set quality-assurance and quality-control bounds
arenot used and (or) are used with explanation of thelimitations
of those data. Quality-assurance and quality-control procedures
are described below in detail.

Water Budget

Precipitation data were quality controlled by comparison
of data between multiple gages. Precipitation data from two
recording precipitation gages within the watershed were aver-
aged for the year and compared to datafrom a nearby National
Oceanic and Atmospheric Association (NOAA) weather station
in Coatesville, Pa. These data were within 5 percent for the
yearly total precipitation and indicate that all precipitation
gages were functioning properly. Precipitation data from indi-
vidual storms were compared between both recording precipi-
tation gages and amanual precipitation gage randomly through-
out the year. These comparisons were qualitative, and values
appearing reasonably close were considered a sufficient check
of recording precipitation-gage operation. Data from the man-
ual precipitation gage are not presented in this report.

Data collected from streamflow-gaging station 01480638
(Broad Run at Northbrook, Pa.) were computed, checked, and
reviewed by USGS personnel and adhered to quality-assurance/
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quality-control standards as applicable for all USGS stream-
flow-gaging stations (Rantz and others, 1982).

Ground-water |evels were measured monthly in 14 obser-
vation wellsto identify periods when a specific well may have
been subject to pumping stress. Effects of pumping stress were
detected by comparing trends in water levels among observa-
tion wellsthat previoudly exhibited similar responses to cli-
matic change. Intermittent departures from these trends were
determined to have been caused by a cone of depression devel-
oping around a nearby actively pumping well or wells. If iden-
tified pumping stress interfered with the critical beginning or
ending of the annual water-budget period, the well was omitted
from analysis.

Fluvial Geomorphology

Field determination of bankfull indicators was confirmed
by use of regional hydraulic geometry curves. Variousindepen-
dent observations were made of the bankfull-channel indicators
in the field by other USGS personnel to verify interpretations
and minimize inconsistencies. Variables such as velocity of
streamflow and (or) the associated Manning's n variable were
measured directly and (or) back-cal culated from actual dis-
charge measurements to check graphic and (or) computed val-
ues within the same or similar geomorphic study reaches. All
fluvial-geomorphic procedures followed those described in
Cinotto (2003) and Rosgen (1996, 1998, 2002).

Stream-Quality Assessment

Water-quality-control samples were collected as part of
the Chester County Biological Monitoring Network and were
not collected specifically at the three Broad Run sites (Reif,
2002). Five percent of samples collected were replicates and
field blanks. Constituent concentrationsin field blanks were
less than the minimum reporting levels, and the measured prop-
erties and constituents of replicate samples were within
10 percent. The results indicate no systematic bias and good
precision in the reported water-quality data. Analytical perfor-
mance of the laboratory was eval uated by means of quality-con-
trol data from the USGS National Water-Quality Laboratory’s
Standard Reference Water Sample Program.

Although the habitat assessment was qualitative, quality
control was addressed by doing multiple assessments at
selected sites to check for inconsistencies and biasin the rat-
ings. Benthic-macroinvertebrate sorting efficiency was evalu-
ated by resorting of selected completed samples. Unusual taxa
were confirmed by ataxonomist and comparison to areference
collection of identified organisms.



Water Budget

A water budget isabasic tool for estimating the amount of
water entering and leaving a watershed over a given period as
well asinterpreting the hydrologic processes acting on water
that enters, resides within, and leaves the watershed; these pro-
cesses are collectively known as the hydrologic cycle. For this
study, a 1-year annual water budget was determined for the
Broad Run watershed to quantify the components of the hydro-
logic cycle. Datafor this water budget were collected from
April 1, 2003, through March 31, 2004, and are representative
of the hydrologic conditions during that period only.

Within the Broad Run watershed, ground-water and sur-
face-water divides coincide, meaning no water flows under-
ground beneath the confines of the hills surrounding Broad
Run; therefore, water can be said to generally enter the Broad
Run watershed as precipitation and leave as streamflow and
evapotranspiration.

Water can also be released from and (or) taken up by soil
moisture and (or) ground-water storage after entering the water-
shed. Because this annual water budget began and ended in the
spring when the soil is assumed to be saturated, soil-moisture
termscancel out, and the net changein soil moisturefor theyear
isassumed to equal zero. Actual calculation of soil moistureis
complex, requiresadditional instrumentation, and isbeyond the
scope of this study. Ground-water storage (water added to, or
released from, aguifers) is directly measured by means of the
observation-well network described earlier.

Ground-water withdrawal swithin the watershed by means
of public-supply wellsand (or) irrigation wells also must be
considered in any water budget. Several small-volume public-
supply wells are within the Broad Run watershed, asis a golf
coursethat regularly withdrawswater for irrigation. Public-sup-
ply wellsin the Broad Run watershed generally serve areasthat
use on-lot treatment systems for sewage disposal. The use of
on-lot treatment systems allows approximately 90 percent of
the water pumped from these wells to return as recharge, with
approximately 10 percent lost to consumptive use. Based on
available data (Chester County Planning Commission, 1991;
Chester County Water Resources Authority and others, 2001),
water withdrawals from public-supply wells in the Broad Run
watershed ranged from about 90 Mgal in 1991 (0.7 in.) toacon-
servative 128 Mgal in 2001 (1.0 in.), the latter amount includ-
ing withdrawal s from some wells outside the watershed. Given
that approximately 90 percent of this water re-entered the
watershed as recharge, the net loss was only 0.07 to 0.10 in. of
water through consumptive use. These valuesare negligiblefor
determination of an annual water budget; however, withdrawals
from these public-supply wellslikely affected the proportions
of some water-budget components because water was lost to
consumptive use and not to ground-water evapotranspiration or
base flow. Future additions of public sewer systems within the
Broad Run watershed will likely cause the losses due to con-
sumptive use to increase, thus, heightening the importance of
withdrawals from these wells. The Tattersall Golf Club also
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withdrew 11.5 Mgal (0.1 in.) of ground water for irrigation use
during thisannual period (Annie Cerminara, International Golf
Maintenance, Inc., oral commun., 2004). This water was dis-
charged on fields within the watershed and, conseguently,
returned to the hydrologic cycle with no net effect on the overall
annual water budget. However, these irrigation withdrawals
likely affected the proportions of some water-budget compo-
nents because most of this water was eventually lost to evapo-
transpiration at land surface and not to ground-water evapo-
transpiration or baseflow. Thisresultislargely dueto matching
of irrigation rates to the uptake rates of the plants being irri-
gated—in this case, turf grass.

Imported water can be a component of an annual water
budget provided that large quantities are imported, are dis-
charged into the watershed, and affect the natural balance of the
hydrologic cycle. Data on quantity of imported water generally
are available directly from the local water-supply companies
and businesses using the water. Tattersall Golf Club, the only
known substantial importer of water into the Broad Run water-
shed, occasionally imports water from a public water-supply
company for irrigation; however, the club did not import any
water during the period of data collection, so the imported-
water component is, therefore, not applicablefor thiswater bud-
get. All residentia areas within the Broad Run watershed
served by public water originating outside the watershed also
were served by a sanitary-sewer system that transported waste-
water out of the watershed (Jack Hines, West Bradford Town-
ship, oral commun., 2003); these residential areas, therefore,
had no net effect on the annual water budget.

Precipitation

Total precipitation measured from April 1, 2003, to March
31,2004, was67.0in.atR1and 68.5in. at R2, yielding awater-
shed average of 67.8 in. This average compares well with the
65.3 in. of precipitation measured at the nearby NOAA weather
station at Coatesville, Pa., (approximately 8 mi west of the
watershed) during the same period (U.S. Department of Com-
merce, 2003-04). The precipitation at Coatesville during this
period was the largest total precipitation measured during the
past 10 years. Precipitation at Coatesville weather station aver-
aged 49.5 in. between 1995 and 2004 (April to March periods);
the maximum total was 65.3 in. during 2004, and the minimum
was 35.3 in. during 2002. However, a precipitation total for
2003 was not available from this weather station because of
missing data during September 2003. These data indicate that
the annual water budget completed for the Broad Run water-
shed for the period of April 2003 to March 2004 is representa-
tive of ahigh-precipitation year and will likely differ from sub-
sequent drier years.

Runoff

Data from the USGS streamflow-gaging station on Broad
Run showed that 38.8 in. of water drained from the watershed
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into the West Branch Brandywine Creek during the study
period. Of the 38.8 in. of total streamflow that |eft the Broad
Run watershed, 7.3 in. (approximately 18.7 percent) was from
direct runoff and 31.5 in. (approximately 81.2 percent) was
from base flow. (Direct runoff is the component of streamflow
that enters the stream channel promptly after rainfall or snow-
melt, primarily as overland flow directly into the stream. Base
flow is the component of streamflow that originates as precipi-
tation within the watershed, infiltrates into the ground, and
slowly discharges into the stream by such means as springs,
seeps, and so forth.) Although not required for presentation of
an annual water budget, the monthly valueslisted intable 7 are
converted from cubic feet per second (ft3/s) to inches and
totaled to obtain yearly totalsand illustrate seasonal differences
in streamflow throughout the annual period.

Ground-Water Storage

The average water-level change in the six observation
wellswas a 1.78-ft increase across the basin; the maximum
annua change was a 6.75-ft increase at well CH-6668, and the
minimum was a 0.48-ft decline at well CH-6672. The average
annual water-level change (1.78 ft) was subsequently multi-
plied by 0.08, the specific yield of the zone of water-level fluc-
tuation (McGreevy and Sloto, 1980) asdescribed earlier. Onthe
basisof thiscalculation, 1.71 in. of ground water is estimated to
have gone into storage (did not discharge into the Broad Run)
between April 1, 2003, and March 31, 2004.

Annual Water Budget

The water-budget equation (eg. 1, p. 10) was used to cal-
culate an annual water budget for the Broad Run watershed for
the study period. The average total precipitation within the
Broad Run watershed for the April 2003 to March 2004 period
was 67.8in., the total streamflow for the 7.08-mi? watershed
was 38.8 in., and the change in ground-water storage was esti-
mated to be an increase of 1.71 in. Given these data, the esti-
mated evapotranspiration (ET) for the Broad Run watershed
during the study period was 27.3 in. Thisvalueis comparableto
data from Sloto (1990) showing an estimated average ET of
2290 in. in the nearby Valley Creek watershed of Chester
County, Pa., from 1983 to 1987. Sloto’ s data (1990) included a
minimum ET of 18.21 in. in 1987 and a maximum ET of
24.83in. in 1985.

Ground-Water Recharge

All ground-water recharge in the Broad Run watershed
comes from preci pitation. Recharge is affected by many factors
including precipitation duration and intensity, antecedent soil
moi sture, topography, percentage of impervious surface within
the watershed, and (or) soil and bedrock characteristics.
Ground-water recharge varies yearly by season and generally

Table 7. Estimated monthly direct-runoff and base-flow components of the total streamflow in the
Broad Run watershed, April 2003 to March 2003, Chester County, southeastern Pennsylvania.

[t3/s, cubic feet per second; N/A, not applicable]

Mean Mean Mean Total Total Tptal Percentage of
Month stream- base direct  stream- direct streamflow
and year flow flow runoff flow ba_lse flow runoff consisting of
(ft%/s) (ft%/s) (ft%s)  (inches) (inches) (inches) base flow
04/03 14.4 133 12 23 21 0.2 92.2
05/03 10.7 9.3 14 1.7 15 2 87.6
06/03 30.2 22.6 7.6 4.8 3.6 1.2 74.7
07/03 124 11.7 g 2.0 19 A 94.4
08/03 10.6 7.9 2.7 1.7 1.3 4 74.6
09/03 33.1 19.0 141 53 3.0 23 575
10/03 24.4 20.1 4.3 39 32 7 82.6
11/03 28.8 25.6 3.2 4.6 4.1 5 88.9
12/03 30.7 26.6 41 49 4.2 Ve 86.5
01/04 14.7 138 8 23 2.2 1 94.4
02/04 19.3 14.8 45 31 24 7 76.9
03/04 135 124 11 2.2 2.0 2 92.1
Total N/A N/A N/A 38.8 315 7.3 N/A
Average 20.2 16.4 3.8 3.2 2.6 .6 835




occurson hilltops and hillsides (valley bottomswithin and near
streams are usually areas of discharge). Precipitation that infil-
trates the surface replenishes soil moisture first and then can
begin to recharge the underlying aquifer.

Ground-water recharge was estimated for the Broad Run
watershed using the following equation:

R=BF + AGW + GWET, (8)

where
R isrecharge, ininches;
BF isbaseflow, ininches;
AGW ischange in ground-water storage, in inches;
and
GWET isground-water evapotranspiration, in inches.

As noted above, base flow was determined to be 31.5in.
for the 1-year study period, and the increase in ground-water
storage was estimated to be 1.71 in. for the year. Ground-water
evapotranspiration within the region of the Broad Run water-
shed was estimated to equal approximately 2 in/yr based on data
from Sloto (1994). Given these data, the estimated ground-
water recharge for the Broad Run watershed from April 2003 to
March 2004 was 35.2 in.

Limitations

The evapotranspiration (ET) termin this 1-year water bud-
get includes any errorsin the measurements of all other water-
budget components, as well as any other water gains or losses
in the basin not accounted for in the water-budget equation.
Thisresult is a 1-year water budget, and the year studied was
characterized by the largest annual precipitation in the past
10 years; changesin future climatic conditions can result in
consequent changesto the rel ative response of individual water-
budget terms.

Short-duration water budgets (such as this annua water
budget) generally lack statistical strength for rigorous analysis.
Data collected over short time spans—Iess than approximately
10 years—cannot accurately account for all variability that
might be present within a watershed; the most notable of these
variationsisthe difference in weather that may occur from one
year to the next.
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Summary

The annual water budget components for the Broad Run
watershed are summarized in table 8. Given the proportion of
base flow to total streamflow and also considering the total
ground-water recharge during this period, the Broad Run water-
shed can be currently classified as minimally impaired and is
generaly functioning as expected of a non-urban, mixed-use
watershed. Average annual base flow was 31.5 in., approxi-
mately 46 percent of the 67.8 in. average annual precipitation
on the Broad Run watershed and 81 percent of the 38.8 in. total
streamflow. Thissubstantial contribution of base flow indicates
that ground-water recharge is occurring within the watershed
and that the hydrologic function of the Broad Run does not gen-
erally appear to be adversely influenced by human activity at
present. These data are al so consistent with awatershed that has
evenly distributed agricultural, wooded, and low- to medium-
density residential land use and (or) land cover.

The predominance of on-lot sewage-treatment systems
within the Broad Run watershed currently allows approxi-
mately 90 percent of the water withdrawn from wellsin the
watershed to recharge the ground-water system. If public sewer
systems are installed and wastewater is thereby removed from
the watershed, thiswater must then by accounted for asentirely
lost to consumptive use and removed from the water budget.
Although treated effluent reduces the potential for the introduc-
tion of pathogens into the environment, sufficient increasesin
consumptive losses may reduce base flow in Broad Run.

The relatively high contribution of base flow to total
streamflow within the Broad Run watershed also indicates that
base flow is likely amajor contributor to the overall biologic
diversity and geomorphic stability of Broad Run. Future alter-
ations and (or) development within the watershed that reduce
the base-flow component of total streamflow, such as the addi-
tion of large impervious areas, will likely adversely affect the
overall health of Broad Run. The small relative size of the
Broad Run watershed, as compared to other watersheds in the
area, a'so may make this watershed more sensitive to changes
in land use than a larger watershed would be; relatively small
changesin land use could potentially have large effects on cer-
tain components in the annual water budget such as base flow
and ground-water recharge.

Table 8. Summary of the annual water budget components determined for the Broad Run watershed, April 2003 to March 2003,

Chester County, southeastern Pennsylvania.

[All dataarein inches (depth if water were distributed over entire watershed)]

Change in

S Total stream- Total direct Ground-water Evapo-
Precipitation Total base flow ground-water N
flow runoff recharge transpiration
storage
67.8 38.8 315 7.30 171 35.2 27.3
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Stream Assessment

A stream assessment of the Broad Run watershed was con-
ducted to assess the physical, biologic, and chemical health of
the watershed. Geomorphic parameters, biologic diversity, and
chemical properties of the Broad Run were measured and
assessed through the course of the study and are described in
detail below.

Fluvial Geomorphic Assessment

The fluvia geomorphic assessment of the Broad Run
watershed was done in two parts broadly following the guide-
lines defined in Rosgen (1996). The basic components of this
assessment are divided into two parts on the basis of thelevel of
complexity and scope of work completed.

Thefirst part of the fluvial geomorphic assessment isa
delineation of the Broad Run watershed based on the Rosgen
geomorphic stream classification (Rosgen, 1996). These geo-
morphic stream classifications are not used in thisreport to
imply the relative stability or instability of astream channel (in
relation to how sensitive the channel is to future disturbances)
but to describe the stream channel based on the relative pattern,
profile, and dimension (geomorphic properties). However,
because streams do change over time or evolvein relation to the
characteristics of the watershed, stream types within a water-
shed generally can berelated to each other by what istermed the
“stage of reach evolution” (Simon, 1989). The stage of reach
evolution does not imply long-term stability but describesapro-
cess that, when used in conjunction with the Rosgen geomor-
phic stream classification, can be used to identify the previous
classification of astream reach (if it has changed because of dis-
turbance) and the likely future classification as the stream
returns to a state of dynamic equilibrium (comes into balance
with the water and sediment loads supplied from upstream in
the basin).

The second part of the fluvial geomorphic assessment was
adetailed analysis of individual stream reaches at key locations
within the watershed; in the case of Broad Run, three stream
reaches were selected near the approximate top, middle, and
bottom of the watershed aong the main channel of Broad Run
and are described in detail below. These analyses included
determination of the entrenchment ratio (Does the stream have
an available flood plain?), width to depth ratio (Is the channel
narrow and deep or wide and shallow?), channel materials
(How big or small is the streambed material ?), particle entrain-
ment (How large of a particle can the stream move?), and the
dope. On the basis of these measurements and calculations, the
force available in the channel to move streambed materials can
be estimated, as well as the size and type of the materia that is
available to be moved. This determination could, therefore,
begin to predict how “stable” the stream channel was and how

vulnerablethe stream channel might beto future changeswithin
the watershed.

Geomorphic Stream Classification of Broad Run
Watershed

The geomorphic stream typeswithin the Broad Run water-
shed are delineated and presented in figure 13. Based on the
total distance of al stream reaches classified within the Broad
Run watershed, 61 percent were classified as C-class?,

14 percent as E-class, 13 percent as B-class, 5 percent as F-
class, 4 percent as undifferentiated B- and F-class, 2 percent as
G-class, and lessthan 1 percent as A-class.

These fluvial geomorphic stream classes, as noted previ-
ously, do not imply stability; however, they are potentially
indicative of an evolutionary stage. Simon (1989) and Rosgen
(2002), among others, currently have identified at least nine
possible scenarios that generally describe common, evolution-
ary sequences that many natural streams undergo as they
progress from an undisturbed state to adisturbed state and back
to anew undisturbed state; however, more scenarios will likely
be added in the future asthey areidentified. Of the nine scenar-
iosidentified by Simon (1989) and Rosgen (2002), only six cur-
rently are applicable to the Broad Run watershed and are pre-
sented in figure 14; evolutionary scenariosthat involve braided
stream channels and (or) other geomorphic conditions that do
not currently occur within the Broad Run watershed were omit-
ted. The beginning and end classes of each of the six scenarios
presented below generally describe a stream reach that is con-
sidered to bein astate of dynamic equilibrium; that is, currently
able (under the present hydrologic characteristics of the water-
shed) to transport the water and sediment supplied from
upstream in the watershed without exhibiting signs of rapid ero-
sion or aggr adation within the stream channel. Dynamic equi-
librium, however, does not imply long-term stability because a
seemingly stable stream reach may be at the far ends of an evo-
lutionary scenario and may be on the verge of downcutting or
aggrading.

Entrenched stream classes exhibiting little or no available
flood plains (G- and F-class streams) are expected by the theory
of stream-channel evolution, described above, to be in the cen-
ter of an evolutionary sequence; these stream reaches likely
began as non-entrenched or less-entrenched stream classes (C-,
E-, or B-class streams) (fig. 14) and are likely in the process of
evolving back into these same classes following an evolution-
ary sequence described above. This evolutionary processis
largely driven because confined streams attempt to erode
restrictive banks (those that confine flood waters to a narrow,
high-energy channel) and develop aflood plain. The exception,
and absent from the evolutionary scenarios (fig. 14), isthe A-
class stream channel; one that is generally considered robust

2Rosgen (1996) refersto classifications as “types.” To maintain consistency with other work in Chester County, this report refers to classifications as “ classes.”
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Figure 14. Potential stream-channel evolutionary
scenarios applicable to Broad Run, Chester Coun-
ty, southeastern Pennsylvania (modified from Ros-

ME -—»> C-—»> G-—»> F > C—> E
@QC—*> G—*> F > B

BE-—» G-—» F-—» C-—» E

4B —> G —»> F —» B

G)E —»> G —» B

6C —»> G—» F —» C

and usually will not evolve into another stream class over a
period that is reasonable for description in this context.

To understand this concept of stream-channel evolution,
suppose ahypothetical G-class stream typeisobserved withina
stream reach that is predominantly classified as C. This G-class
channel is, by definition, entrenched; that is, flood flows are
confined in a deep stream channel and cannot easily flow out
onto aflood plain. On the basis of the possible evolutionary sce-
nariosinfigure 14 (1, 2, and 6), thishypothetical G-classstream
reach likely formed by the erosion (downcutting) of a previous
C-class stream reach and will likely begin to gradually erodeits
new streambanks, widening again into a B- or C-class stream
reach at alower elevation. (The ultimate final stream class will
depend largely on the Slope available and the valley character-
istics.) Note that this evolutionary sequence does not quantify
the timerequired for this evolution; only the beginning and end
points of the evolution are inferred.

When entrenched stream classes (G- and F-class streams)
are interspersed among largely non-entrenched stream reaches
(C-, E-, or B-class streams), this entrenchment can often be
interpreted stream-channel response to changes in the runoff
characteristics of the watershed above; therefore, the presence
of G- and F-class streams can often indicate and be used to
locate problems with runoff or sediment supplies within the
watershed. A clear example of this response to change within
the Broad Run watershed is a non-entrenched C-class stream
channel (figs. 13 and 15) that has begun to downcut into an
entrenched G-class channdl (fig. 16). This entrenchment likely
occurred in response to increased runoff from the construction
of an adjacent housing development (in the background in
fig. 16). This G-class channel will likely continue to erode the
small waterfall that has formed at its upstream end and move
progressively upstream (a process known as head cutting)
unless the process is checked by restorative measures and (or)
natural factors.

Entrenched stream classes are also often indicative of
areas prone to excessive downstream sedimentation that gener-
ally results from the entrenchment process. Sediment originat-

gen, 2002).

Figure 15. C-class stream channel approximately 100 feet up-
stream of head cut and resultant G-class stream channel on
unnamed tributary to Broad Run, Chester County, southeast-
ern Pennsylvania. (Photograph by P.J. Cinotto, U.S. Geological
Survey).

ing from the upstream entrenched stream reach, described
above, is contributing to the sediment filling a stormwater-
detention basin directly downstream of the head cut (fig. 17).
Asthis basin fills with sediment, its capacity and its effective-
nessto control stormwater runoff are reduced. Excess sediment,
if not contained, may al so smother fish spawning beds, inundate
flood plains, and (or) cause increased flooding within down-
stream reaches.

G- and F-class stream reaches, which can occur anywhere
within awatershed, should not, however, always be interpreted
as problematic; because natural processes can also account for
entrenched stream classes, each case must be observed and
assessed independently. M ost notabl e of these natural processes
aretheinitial formation of stream channelshigher up within the
headwaters of astream and (or) the localized entrenchment that
may result at the confluence of streams of two unequal sizes



Figure 16. Head cut and resultant G-class stream channel on
unnamed tributary to Broad Run, Chester County, southeastern
Pennsylvania. (Photograph by P.J. Cinotto, U.S. Geological Sur-
vey).

Figure 17. Sediment partially resulting from erosion of unnamed
tributary to Broad Run filling stormwater-detention basin, Ches-
ter County, southeastern Pennsylvania. (Photograph by P.J. Ci-
notto, U.S. Geological Survey).

(fig 13). In headwater streams, some erosion can be expected
because of natural processes associated with stream-channel
evolution. These small streams generally evolve naturaly by
eroding very small to small, entrenched, rills and gullies that
eventually enlarge to form more developed stream channels
with associated flood plains (as generally observed on most
larger streams within mature valley bottoms). Confluences of
smaller tributary channels and larger main-stem streams can
also be prone to natural entrenchment and are not alwaysindic-
ative of problemswithin the watershed. This entrenchment gen-
erally results where arelatively small tributary stream flows
across flood-plain sediments deposited by alarger stream and
cuts a deep channel to reach the lower water-surface elevation
of the larger stream. Thistype of entrenchment isusually local-
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ized in a short reach along the tributary channel directly adja-
cent the confluence. In summary, because natural entrenchment
can occur within the fluvial environment, identification of a
problematic stream reach must be based on direct observation
of site conditions adjacent to the entrenched stream reach and
consideration of the evolutionary stage of the stream reach as
described above.

Other natural factorsthat affect the morphology and stabil-
ity of Broad Run are type and concentration of riparian vege-
tation, natural flooding, and wildlife. For example, beavers
have constructed various dams near the approximate center of
thewatershed (fig. 18), which cause backwater flooding aswell
asaccelerated bank erosion next to the dam. Water flowing over
the dam (fig. 18, right side of photo) will eventually erode the
bank if the beavers do not continually patch the breach. Bank
erosion near a beaver dam (or other obstruction) is the natural
result of astream trying to bypass an obstacle by taking the path
of least resistance; the bank material is easier to erode than the
obstruction. Another aspect of beaver damsisthat they tend to
trap sediment behind them. Because the energy of aflowing
stream has the capacity to carry a certain amount of sediment,
any sediment that settles out behind the dam will be restored
downstream by increased erosion. For this reason, waters exit-
ing a dam or any other environment that limits or removes sed-
iment from the stream are termed “ sediment starved.” In time,
because of downstream erosion, the stream class may change
accordingly from a non-entrenched class of C or E to an
entrenched class of G or F. Removal of woody riparian vegeta-
tion by beavers also can make the effected areas susceptible to
accelerated bank erosion. Typical beaver-felled treesin a wet-
land adjacent to Broad Run, newly created by backwater flood-
ing, are shown in figure 19. Even though beavers can seriously
affect the stream-channel morphology, they aso create avery
diverse and important habitat, form wetlands that can filter
many pathogens from the water column, and create areas of
emergent vegetation.

Figure 18. Beaver dam on Broad Run, Chester County, south-
eastern Pennsylvania. (Photograph by P.J. Cinotto, U.S. Geo-
logical Survey).
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Figure 19. Beaver-felled trees in wetland on Broad Run, Ches-
ter County, southeastern Pennsylvania. (Photograph by P.J. Ci-
notto, U.S. Geological Survey).

Geomorphic Analysis of Broad Run Watershed

Locations of the three study reaches selected for detailed
geomorphic analyses are shown in figure 20, and al data,
including the specific location for each survey, are presented in
appendix 1. The three reaches, which were selected to assess
fluvial-geomorphic conditions within representative areas of
the Broad Run watershed, were the relatively steep and con-
fined headwaters of Broad Run, the relatively wide valley near
the center of the watershed, and the bottom of the watershed
where Broad Run begins to flow onto the flood plain of the
West Branch Brandywine Creek. At each site, the force the
stream could exert on the streambed was eval uated against the
size of the materials within the stream channel. Imbalancesin
thisrelation generally areindicative of either an unstable condi-
tion or other factors that may be affecting the hydraulics of the
stream reach; for example, excess force could result in
increased erosion, whereas too little force could result in aggra
dation of the stream channel.

Upper Geomorphic Study Reach

The upper geomorphic study reach is directly adjacent to
Broad Run Road (fig. 21); approximately 1.54 mi“ of the Broad
Run watershed drainsto it. Thisreach liesin arelatively steep
and narrow valley dominated by deciduous trees (fig. 22). The
bankfull channel was well defined throughout this reach and
generally was denoted by an abrupt change in bank angle,
changesin riparian vegetation, and depositional features. Broad
Runinthisareaisnot entrenched and has an available, function-
ing flood plain to dissipate the forces associated with natural,
intermittent flooding (fig. 22). The channel isalsowell armored
by the outcrops of bedrock.

Geomorphic data collected within this reach indicate that
this stream reach currently is stable and in a state of dynamic

equilibrium, or in balance with the runoff and sediment load
supplied from upstream. Within the most upstream cross sec-
tion (303 ft downstream from the upstream end of the upper
geomorphic study reach), calculations indicate that the stream,
at bankfull flow, has the potential to move an estimated 60- to
139-mm particle, whereas the largest particle in a core sample
collected from an adjacent point bar (Di) was 144 mm. To move
the 144-mm particle, the estimated mean bankfull water depth
required would be 0.9 ft, and the estimated bankfull water-sur-
face slope required would be 0.009 ft/ft. The measured mean
bankfull water depth at cross-section 303 was 1.1 ft, and the
measured bankfull water-surface slope was 0.011 ft/ft. Within
the most downstream cross-section (691 ft downstream from
the upstream end of the upper geomorphic study reach), the
stream hasthe potential to move an estimated 39- to 90-mm par-
ticle, whereas the largest particle in a core sample collected
from an adjacent point bar (Di) was 170 mm. To move the
170-mm particle, the estimated mean bankfull water depth
required would be 1.9 ft and the estimated bankfull water-sur-
face slope required would be 0.011 ft/ft. The measured mean
bankfull water depth at cross-section 691 was 1.2 ft, and the
measured bankfull water-surface slope was 0.006 ft/ft.

Geomorphic data collected within cross-section 303 show
similar required and measured values for entrainment of Di
under bankfull conditions; thisrelation indicatesthat the stream
istransporting sediment effectively through thisreach and does
not currently show tendencies toward aggradation or degrada-
tion. The apparent discrepancy in the required and measured
values for cross-section 691 is probably due to bedrock out-
crops with smooth surfaces that reduce the amount of fine sed-
iment that can accumulate within the reach and also add much
larger rocksto the streambed through weathering. If the effects
of the bedrock are accounted for, Broad Run currently does not
likely have sufficient energy to movethe dominant materialson
the streambed under bankfull flows and, therefore, erode the
streambed. Y et, Broad Run still has adequate energy to trans-
port enough sediment to minimizethe potential for aggradation.
For example, the Dg,4 (or particle size larger than 84 percent of
all particles on the streambed) within cross-section 691 is
58.8 mm, well within the range of the 39- to 90-mm particle
estimated to be mobile under bankfull flows. In summary, the
stream channel within the upper geomorphic study reach does
not show signs of current or past instability, and it can be con-
sidered to be in a state of dynamic equilibrium or balance with
the water and sediment being supplied from upstream in the
watershed.
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Figure 22. Representative view looking downstream at upper
geomorphic study reach on Broad Run, Chester County, south-
eastern Pennsylvania. (Photograph by P.J. Cinotto, U.S. Geo-
logical Survey).

Middle Geomorphic Study Reach

The middle geomorphic study reach isdirectly adjacent to
Broad Run Road between the intersections with Strasburg and
Telegraph Roads (fig. 23). Approximately 4.88 mi? of the
Broad Run watershed drainsto the reach. Thisreach liesina
wide valley, exhibiting aflood plain that generally exceeds
300 ft in width, and is dominated by grasses and brush with an
occasional stand of deciduous trees (fig. 24). The bankfull
channel was well defined throughout this reach and generally
was denoted by an abrupt change in bank angle and changesin
riparian vegetation. Broad Runin thisareaisnot entrenched and
has an available, functioning flood plain to dissipate the forces
associated with natural, intermittent flooding (figs. 24 and 25).
A large scour hole was found in the streambed approximately
460 ft downstream from the beginning of the reach (fig. 26).
Scour holes are the result of localized areas of high-energy
water that can erode the larger materials armoring, or paving,
the streambed. Scour holes are common around bridges, debris
piles, or other objects that cause water velocity to increase and
(or) vortices (whirlpools) to form. This specific scour hole was
likely a natural occurrence caused by flood water flowing
across the flood plain and intersecting the stream channel at a
tight bend.

Although natural scour holes can be beneficial in provid-
ing habitat complexity for aguatic life, this particular scour hole
exposed a vulnerability within this reach of Broad Run. The
streambed hereis generally well armored, or paved, with an
imbricated layer of larger particles (gravels and cobbles) that
resist the forces associated with higher flows; however, the
materials below this layer are substantially finer, asis evident
from the two core samples. The finer material in this reach of
stream will likely be more proneto the formation of scour holes
if the imbricated layer is breached by high flows.
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Scouring is not generally problematic on a stream such as
Broad Run provided that (1) the scour does not occur at or near
astructure, such asabridge or pipeline, (2) it is confined to
small, localized areas of the streambed, and (3) it occursin a
reach where streamflow and sediment loads are in balance. If
these conditions are met, natural recovery on a non-impaired,
non-urban stream is usually rapid, and damage to the stream
channel and (or) environment will likely be minimal. In effect,
such scour holesand (or) local areas of degradation can usually
fill in at asufficient rate and to asufficient extent that the stream
reach never becomes unstable through failing banks and (or)
head cutting. The vulnerability, and hence the problem, associ-
ated with this type of scouring isthat areduction in sediment
loads from upstream or an increase in the magnitude of runoff
may not allow the stream to recover quickly enough, or at all,
from the scour. An inability to recover would likely lead to
excessively high and failing streambanksin relation to the low-
ered streambed and (or) head cutting as the scour hole becomes
astarting point or nick point from which upstream-trending ero-
sion begins. In effect, although excess sediment is often seen as
the only problem within a watershed, this reach shows the
potential vulnerability of upstream sediment-load reduction and
(or) reduction of Broad Run’s sediment-transport capacity.
Reduction of sediment |oads can result from many factors
including, but not limited to, development and increase in
impervious cover, bridge and road construction, and (or) other
processes that “harden” the stream channel or surrounding
overbank areas. Reduction of competence (the capacity to trans-
port larger material s through the reach) can result from many
factors including, but not limited to, dams, stormwater struc-
tures that reduce peak flows, and (or) increased resistance to
flow from overgrown upstream riparian areas (as will be dis-
cussed in detail below).

While the above noted field observations indicate this
reach is potentially vulnerable to future disturbances; data col-
lected within this reach suggest that it is currently in balance
with existing runoff and sediment loads. Within the most
upstream cross section (115 ft downstream from the upstream
end of the middle geomorphic study reach), calculations indi-
cate the stream hasthe potential to move an estimated 42- to 98-
mm particle, whereas the largest particle in a core sample col-
lected from the streambed (Di) was 135 mm. To move this
135 mm particle, the estimated mean bankfull water depth
required would be 1.5 ft, and the estimated bankfull water-sur-
face slope required would be 0.007 ft/ft. The measured mean
bankfull water depth was 1.4 ft, and the measured bankfull
water-surface slope was 0.006 ft/ft. Within the most down-
stream cross section (569 ft downstream from the upstream end
of thereach), the stream hasthe ability to move an estimated 34-
to 79-mm particle, whereas the largest particle in acore sample
collected from the streambed (Di) was 110 mm. To move this
110-mm particle, the estimated mean bankfull water depth
required would be 2.0 ft, and the estimated bankfull water-sur-
face slope required would be 0.007 ft/ft. The measured mean
bankfull water depth at this cross section was 1.4 ft and the
measured bankfull water-surface slope was 0.005 ft/ft. These
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Figure 24. Representative view looking downstream at middle
geomorphic study reach on Broad Run, Chester County, south-
eastern Pennsylvania. (Photograph by P.J. Cinotto, U.S. Geo-
logical Survey).
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Figure 25. View of left bank and available flood plain, middle
geomorphic study reach on Broad Run, Chester County, south-
eastern Pennsylvania. (Photograph by P.J. Cinotto, U.S. Geo-
logical Survey).

data, in conjunction with field observations, indicate that Broad
Run within both cross sections (115 and 569) currently lacksthe
energy required to erode the streambed under bankfull flow.
Aggradation within this reach was also considered unlikely
because most fine materials are able to be transported through
the reach under bankfull flows. For example, the Dg4 within
cross-section 569 was 71.9 mm, within the range of the 34- to
79-mm particle estimated to be mobile under bankfull flows.
Although the Dg4 within cross-section 115 was 110 mm,
dlightly larger than the 42- to 98-mm particle estimated to be
mobile under bankfull flows, these values are close enough
given inherent estimation error to indicate that this reach of
Broad Run is generally in a state of dynamic equilibrium with
the sediment and runoff supplied from upstream in the water-
shed.
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Figure 26. View looking downstream at scour hole in
streambed of middle geomorphic study reach on Broad
Run, Chester County, southeastern Pennsylvania. (Photo-
graph courtesy of Craig Thomas, Chester County Water
Resources Authority, 2003).
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Lower Geomorphic Study Reach

The lower geomorphic study reach is adjacent to and
dlightly upstream from USGS streamflow-gaging station
01480638 (Broad Run at Northbrook) (fig. 27). This stream-
flow-gaging station is just upstream from the bridge carrying
Northbrook Road over Broad Run, and approximately 6.39 mi?
of the Broad Run watershed drainsto it. Thislower geomorphic
study reach lies in the area where the steeper valley of Broad
Run meets the broad, flat flood plain of the West Branch Bran-
dywine Creek. The bankfull channel was well defined through-
out thisreach and generally was denoted by an abrupt changein
bank angle and changes in riparian vegetation. As can be seen
in figures 26, 28, and 29, Broad Run is not entrenched; it is
characterized by extremely thick riparian vegetation and hasan
available, functioning flood plain to dissipate the forces associ-
ated with natural, intermittent flooding.

Theflood plain adjacent to thelower reachisuniqueto this
study areainthat itislargely pasture and, thus, offerslittleresis-
tance to the flow of flood waters acrossit (actually less than
within the stream channel itself); however, before water can
enter theflood plain, it must passthrough the thick riparian zone
that serves as an effective barrier and obstructs the passage of
water both within the channel and exiting the channel during
higher flows. Because of these features, the stream channel in
this reach exhibits several unique characteristics. The extreme
resistance to flow resulting from the heavy multiflorarose
growth within the riparian zone causes the stream channel to
convey only afraction of thewater supplied from upstream; the
remainder is stored within the channel as backwater and (or)
flows out of the channel, inundating the adjacent flood plain.
For example, USGS streamflow-gaging station Broad Run at
Northbrook (01480638) yields a measured flow of only approx-
imately 45 ft3/s at the bankfull stage (relative water elevation
when the channel is full), whereas a calculated flow that
excludesthe effects of the multiflorarose present along the stre-
ambanks at the same stage i s approximately 160 ft%/s. A bank-
full discharge of 160 ft3/s also agrees more closely with bank-
full flows at other streams in the Piedmont Physiographic
Province that are not affected by riparian vegetation (Cinotto,
2003).

The water held within the channel by the thick riparian
vegetation generally exits the channel to the flood plain with
substantial force where riparian vegetation is thin; these areas
can often show signs of increased bank erosion known as evul-
sions. A prominent evulsion was noted approximately 650 ft
upstream from the Northbrook Road bridge, on the right bank
(fig. 27 and 30). This particular evulsion has also been made
more severe by livestock and wildlife that walk through this
opening to access the stream (a process called hoof shear). It
should be noted that evulsions are simply localized stream
reaches that exhibit more severe erosion than the reaches
around them; evulsions can have many different causes includ-
ing natural processes, human and animal activity, or acombina
tion of these activities.

Stream-stage data collected at the adjacent streamflow-
gaging station also show that this particular stream reach flows
out of its banks quite frequently in response to the loss of con-
veyance; water from Broad Run flowed into the flood plain
adjacent to the lower reach 25 times from April 1, 2003, to
March 31, 2004, and compl etely filled the opening of the down-
stream Northbrook Road cul vert approximately 18 timesduring
the same period (fig. 31). When a bridge or culvert opening
becomes completely filled with water (up to the lowest struc-
tural member), a condition known as pressure flow results that
can increasethe potential for scour- or erosion-related problems
near the bridge. It must be noted here that the structure carrying
Northbrook road over Broad Run is not by definition a bridge,
but is a precast, reinforced-concrete box culvert designed to
look like the historic stone-masonry bridge it replaced
(K. Sutow, PennsylvaniaDepartment of Transportation, written
commun., 2004). Box culverts are designed to resist scour-
related problems much better than a standard bridge can, espe-
cialy astone-masonry bridge, because box-culverts generally
have much greater structural integrity and resistance to failure
resulting from scour-related structural displacement.

The effects of the dense riparian vegetation on the convey-
ance of higher flowsisapparent when datafrom Broad Run are
compared, by means of flow-duration curves, to data collected
at nearby USGS streamflow-gaging stations in Chester County
(figs. 32 and 33). Flow-duration curves commonly are used to
assess the long-term runoff characteristics of a stream; how-
ever, they can be used for short periods of record to comparethe
response of various streams to runoff during the same time
(from April 1, 2003, to March 31, 2004). Flow-duration curves
relate streamflows to the statistical probability of a particular
streamflow being equaled or exceeded; these curves generally
are steeper when streamflows have a higher component of
direct runoff and, conversely, flatter when the streamflows are
dominated by ground-water dischargeor regul ated by structures
that reduce peak flows (such as dams). The flow-duration
curvesin figure 32 show that Broad Run has a much flatter
dlope during high flows (0- to 20-percent exceedence probabil-
ity) than the other nearby streamsin Chester County, Pa., during
the same period of record. This flat slope observed for Broad
Run during periods of higher flows indicates that Broad Run
was subject to unique back-water effectsthat were not observed
at other streamflow-gaging stations within the region and, in
effect, shows a natural regulation of Broad Run.

Some additional regulation of higher flowsis also likely
due to the box culvert carrying Northbrook Road over Broad
Run (fig. 27). Because overbank flooding must occur before
this structure reaches capacity (fig. 31), and because the culvert
does not cause acontraction during lower flows, the box culvert
likely does not contribute substantially to initial overbank
flooding along the lower geomorphic study reach. However,
once this culvert fills completely with water and reaches its
capacity to transmit water (pressure flow), the flow of addi-
tional flood water will be severely impeded as el evated
approach roadwaysin theflood plain begin to act asadam. This
effect will continue to cause greater depths of flooding
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Figure 28. View looking upstream, approximately 100 feet
downstream from cross-section 311, on lower geomorphic
study reach, Broad Run, Chester County, southeastern Penn-
sylvania. (Photograph by P.J. Cinotto, U.S. Geological Survey).

Figure 29. View looking downstream at cross-section 616, just
above Northbrook Road, on lower geomorphic study reach,
Broad Run, Chester County, southeastern Pennsylvania. (Pho-
tograph by P.J. Cinotto, U.S. Geological Survey)

upstream from the culvert until flood waters begin to flow over
the roadway; at this point, the effects of the culvert and
approach roadwayswill likely begin tolessenrelativeto therest
of the stream. Thisresistanceto flow by approach roadwaysand
(or) contracted bridge or culvert openingsiscommon and often
resultsin greater depths of flooding directly upstream from the
bridge or culvert. The result is often seen as flatter Slopeson a
flow-duration curve for high-flow, low-probability events.
Streambed sedimentswithin the heavily vegetated sections
of the lower geomorphic study reach were observed to be finer
than those within less heavily vegetated reaches of the upper,
middle, and lower geomorphic study reaches because of reduc-
tion in water velocity required to entrain these sediments and
transport them downstream. This finding isimportant because

Figure 30. View looking toward right bank, with large evulsion,
on lower geomorphic study reach of Broad Run, Chester Coun-
ty, southeastern Pennsylvania. (Photograph by P.J. Cinotto,
U.S. Geological Survey).

it indicates that any increased future sediment loads will not
likely be able to pass easily through this or other heavily vege-
tated reaches throughout the watershed. Currently (2003), there
are no indications of excessive sediment loads being supplied
from upstream within the Broad Run watershed because only
small areas of excessive erosion (G-class channels) were
observed during mapping of the stream classes, and no down-
stream reaches were observed to have large accumul ations of
sediments (such as large sand bars, excessive sediments depos-
ited on the flood plain, and (or) other depositiona features).
However, if sediment loads are substantially increased (such as
by increased numbers of headcuts within the watershed, as dis-
cussed earlier), this lower geomorphic study reach would not
likely be able, under the current conditions, to transport them.
On the basis of these observations, excessive future sediment
loads and (or) debris introduced into the stream channel will
likely increase future flooding within and adjacent to these
reaches and could also cause excessive sedimentation in the
overbank areas, potentially damaging property.

Although dense multiflora rose undoubtedly presents a
hydraulic problemin regard to conveyance of water through the
lower geomorphic study reach, correction of this problemisnot
without risk. Multiflorarose and similar dense vegetation can
be very effectivein protecting bank materials from erosion and
in reducing velocities within asmaller stream channel. Eradica-
tion of multiflorarose along the lower geomorphic study reach
may likely achieve less overbank flooding along the reach, but
it may also result in rapid channel migration and bank erosion,
channel enlargement, and (or) increased sediment loads down-
stream.
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Data collected within this reach and other data, as
described above, suggest the lower geomorphic study reach on
Broad Run currently is stable, although unique among the three
studied reaches, in its present geomorphic state. Within the
most upstream cross section (311 ft downstream from the
upstream end of the lower geomorphic study reach), calcula-
tionsindicate the stream has the potential to move an estimated
44- to 104-mm particle, whereas the largest particlein acore
sample collected from the streambed (Di) was 30 mm. Tomove
this 30-mm particle, the estimated mean bankfull water depth
required would be 0.9 ft, and the estimated bankfull water-sur-
face dope would be 0.002 ft/ft. The measured mean bankfull
water depth at the cross section was 2.1 ft, and the measured
bankfull water-surface slope was 0.004 ft/ft. Within the most
downstream cross section (616 ft downstream from the
upstream end of the lower geomorphic study reach), the stream
has the ability to move an estimated 55- to 128-mm particle,
whereas the largest particle in a core sample collected from the
streambed (Di) was 123 mm. To movethis 123-mm particle, the
estimated mean bankfull water depth required would be 1.7 ft,
and the estimated bankfull water-surface slope required would
be 0.008 ft/ft. The measured mean bankfull water depth at the
cross section was 1.5 ft, and the measured bankfull water-sur-
face dope was 0.007 ft/ft.

Calculations used to estimate particle entrainment for this
study, athough standard for this type of analysis, are based on
the assumption of open-channel flow and do not take into con-
sideration substantial increases in resistance to flow resulting
from dense riparian vegetation, such as the multiflorarose
described above. Because multiflorarose has astrong effect on
the most upstream cross section of the lower reach (cross-sec-
tion 313), thelarge discrepancy between required and measured
valuesrequired to entrain parti cles does not necessarily indicate
instability. What these data do indicate isthat if adjacent multi-
florarose growth is removed without accounting for the conse-
guent lossof resistance, vel ocitieswill likely increase along this
reach, and the stream channel will subsequently possess the
energy to entrain larger particles and enlarge the channel.

Data collected at the most downstream cross section of the
lower geomorphic study reach (cross-section 616) were similar
to data collected at other geomorphic study reaches and reflect
the reduced effect of multiflorarose as the stream widens
dlightly just above the box culvert carrying Northbrook Road
over Broad Run (fig. 28). These data indicate similar required
and measured values for the entrainment of the Di under bank-
full conditions; thisrelation indicates that the stream is trans-
porting sediment effectively through this reach and does not
show current indications of aggradation or degradation of the
stream reach.

Limitations

Any stream assessment based on fluvial geomorphology
depends strongly on the correct identification of the bankfull
channel; moreover, such an assessment describes the geomor-
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phic condition of the stream at one specific moment in time.
Although regional hydraulic geometry curveswere used to min-
imize the errorsin this identification, regional curves were
developed from data collected within larger watersheds, mak-
ing them less effective in identifying of the bankfull channel of
smaller tributary drainages of the Broad Run watershed (some
as small as 5-10 acres). In these cases, identification of the
bankfull channel depended entirely on observation of present
geomorphic features. It must also be noted that streams are
dynamic natural systems; natural evolution of the stream chan-
nel, aswell as human influences, such as land-use change, may
cause the stream channel to alter its pattern, profile, or dimen-
sion over time.

Summary

Broad Run currently shows no signs of large-scale geo-
morphic instability and can be considered to bein good condi-
tion and in a state of dynamic equilibrium. The streamflow,
streambed materials, and associated sediments within the
stream channel generally are in balance throughout the water-
shed, and the stream currently is able to transport the water and
sediment provided from upstream without exhibiting acceler-
ated erosion and (or) deposition. However, Broad Run does
exhibit signs of vulnerability to future changeswithin the water-
shed; such changes could include reduction of flood-plain areas
by devel opment and (or) other encroachment, development that
could potentially increase the magnitude and (or) duration of
stormwater runoff, alterations to current sediment loads, and
(or) changes to present riparian areas. These types of future
changes may upset the present balance between sediment load,
runoff, and the fluvial-geomorphic characteristics of bankfull
pattern, profile, and dimension within the Broad Run.

The Broad Run watershed generally was dominated by
stream channel swith availabl e, functioning floodplains (C -and
E- class stream channels) that served to dissipate the energy
associated with natural, intermittent flooding. Entrenched
stream reaches were isolated among the smaller tributary chan-
nels and did not generally appear along the main branch of
Broad Run. These entrenched streamswerefound to result from
both anthropogenic (human-influenced) and natural processes.

The presence of an available, functioning flood plain
within the Broad Run watershed isconduciveto resisting severe
streambed and streambank erosion in response to stormflows,
thisflood plain, consequently, also reduces the sediment loads
within Broad Run. Functional flood plains are of great impor-
tancein awatershed such as Broad Run where streamflows can
be inhibited by thick riparian vegetation and frequently go out
of bank. Loss of an available, functioning flood plain within the
Broad Run watershed, by such means as development within
the floodplain and (or) construction of restrictive road berms at
bridge crossings, may cause increased erosion because water
flowing through the flood plain must converge at therestriction.
Where obstruction of the Broad Run’s flood plain is unavoid-
able, such asthe elevated roadway approaches to a bridge,
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structures allowing free passage of water within theflood plain,
such as culverts under approach roadways, may reduce contrac-
tion scour (accelerated erosion as water is forced through a
small opening), straighten flow paths and reduce debris prob-
lems within the bridge right-of-way, reduce the magnitude of
flooding upstream from the bridge, and allow for balanced sed-
iment transport through the reach.

Stream Quality

Benthic-macroinvertebrate samples were collected annu-
ally in Broad Run between 1999 and 2002 as part of an ongoing
USGS stream-monitoring project in cooperation with the Ches-
ter County Water Resources A uthority and the Chester County
Health Department. Benthic macroinvertebrates are aquatic
insects, such as mayflies, caddisflies, riffle beetles, and midges,
that live on the stream bottom. For example, presence of pollu-
tion-tolerant species and absence of sensitive speciesisindica-
tive of past or intermittent water-quality problems, even if cur-
rent chemical quality of water issimilar to reference conditions.
Diversity and community structure of benthic-macroinverte-
brate popul ations can indicate quality of stream waters.

The biologic sampling sites were selected to represent a
range of watershed conditionsin Broad Run from the headwa-
tersto the confluence with the West Branch Brandywine Creek.
Broad Run at Romansville (01480636) isin the upper part of the
watershed and has a drainage area of 2.86 mi2, Broad Run near
Marshallton (0148063750) is near the middle of the watershed
and has a drainage area of 5.45 mi2, and Broad Run at North-
brook (01480638) is near the lower part of the watershed and
had a drainage area of 6.39 mi2 (fig. 34). Samples were col-
lected in fall 1999, 2001, and 2002 at the Romansville and
Northbrook sites and in fall 2001 and 2002 at the Marshallton
site. The sampling location at Northbrook was near the USGS
streamflow-gaging station at Northbrook. Taxa and counts for
all samples collected are presented in appendix 2 (table 2-1).

Streamflow conditions can have asubstantial effect onthe
chemistry, habitat, and biologic components of a stream reach.
Extreme low flows can result in higher water temperatures,
decreased dissolved-oxygen levels, and changesin concentra-
tionsof chemical constituents. All thesefactors can cause ashift
in the benthic-macroinvertebrate community at asite. High
flows can cause physical alteration to the stream bottom that
can sometimes affect the benthic-macroinvertebrate commu-
nity.

A prolonged regional drought followed by flooding related
to Hurricane Floyd occurred in 1999 prior to sample collection.
These extreme hydrologic events had an effect on stream con-
ditions as evidenced by the chemical, habitat, and biologic data
collected in 1999. Hydrologic conditions in 2001 and 2002
were typical of normal flowsin the area during October and
November (U.S. Geologica Survey, 2001, 2002). Streamflows
are usualy at their lowest in August and September, begin to
slightly increasein October and November, and continually rise

to their peaks in the spring, after which streamflow beginsto
decrease through the summer.

Reference Conditions

Reference sites represent very good or the best available
stream quality in aparticular area. These sites have stable hab-
itat, good water chemistry, and healthy populations of aquatic
organisms. Datafrom other stream sites with similar watershed
characteristics can be compared to that at the reference
reach(es) to assess stream quality. Eighteen stream sites were
sampled in Chester County between 1999 and 2002 using the
same techniques as those used to collect samplesin Broad Run
(Reif, 2003). These 18 sites were evaluated as possible refer-
ence sitesfor comparison to the Broad Run results. East Branch
Brandywine Creek near Glenmoore (station 01480653) was
chosen asthe reference site because it has a very diverse and
healthy benthic-macroinvertebrate community, stable habitat,
consistently good chemical quality, similar drainage area, and
similar watershed characteristics compared to Broad Run at
Northbrook. The East Branch Brandywine Creek siteis 10 mi
north of Broad Run. Areas minimally affected by human activ-
itiesaredifficult to find in Chester County. Although thissiteis
affected by human activity, including low-level agricultural
activities, it represents the best available stream quality in the
areato use in a comparison with Broad Run. Chemical and
benthic-macroinvertebrate data from the reference site (East
Branch Brandywine Creek near Glenmoore, station 01480653)
are published in the USGS annual water-data reports for Penn-
sylvania (U.S. Geological Survey, 1999-2003)

Stream Quality of Broad Run

Water-quality sampleswere collected in conjunction with
the biologic samples and were analyzed for concentrations of
nutrients, major ions, and metals. Data also were collected to
evaluate the physical habitat at each sampling location. By
examining thebiologic, water chemistry, and habitat conditions
together, overall stream quality can be evaluated.

Water Chemistry

Nitrogen and phosphorus are micronutrients needed for
plant (and algae) growth. They naturally occur in water at low
concentrations, however, increased concentrations may be
associated with human activities. Anthropogenic sources
include commercial fertilizers and manure, wastewater-treat-
ment-plant discharges, |leachate from on-site sewage disposal
systems, and atmospheric deposition. Concentrations of nutri-
ents above natural background levels can cause increased plant
and algae growth, which can result in decreased benthic-macro-
invertebrate diversity (Buck and others, 2000). Other factors,
such as water temperature and the amount of sunlight reaching
the stream, also contribute to nuisance plant growth.
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Boron can be used as a conservative tracer of wastewater
because of its high solubility and itsinsensitivity to evapora-
tion, volatilization, and oxidation reduction reactions (Ven-
gosh, 1998; Pitt and others, 2000). Natural background concen-
trations of boron in Chester County generally are 30 pg/L or
less (Sloto, 1987). Concentrations of boron above the natural
background concentrations may be associated with wastewater
discharges. Metals and trace elements in small quantities are
needed for normal plant and animal development. However,
some metals and trace elements, such as mercury and arsenic,
can be toxic at relatively low concentrations (Meade, 1995).
Metals and trace elementsin stream samples come from natural
aswell as arthropogenic sources. Naturally occurring sources
are from rock weathering, soil erosion, and the dissolution of
salts. Arthropogenic sources include wastewater discharges,
industrial activities, mining, and agriculture.

Samples for nutrients, metals, trace elements, and field-
chemical characteristics (such astemperature and pH) were col-
lected at all stream sites, and all data are presented in
appendix 2 (table 2-2).

Water temperature, pH, dissolved oxygen, and specific
conductance measured at the time of collection were similar to
reference conditions for the area and were sufficient to support
a healthy biologic community. Water temperature ranged
between 5.4 and 10°C, pH ranged between 6.8 and 7.4 standard
units, dissolved-oxygen concentration ranged between 10.1 and
12.2 mg/L, and specific conductance ranged between 188 and
231uS/cm. Nitrate concentrations from the samples collected at
the three sitesin Broad Run ranged between 2.08 and
2.81 mg/L. These concentrations are higher than the average
concentrations measured at the reference site (1.00 mg/L), but
are below the average concentration of al the sites sampled in
the Chester County stream-monitoring project between 1999
and 2001 (3.40 mg/L). Orthophosphate and ammonia concen-
trationswere bel ow the analytical detection limit of 0.04 mg/L.
This combination of relatively low nitrate concentrations and
low orthophosphate concentrations will not support excessive
aquatic plant growth. Concentrations of chloride from the sam-
ples collected at the three sites in Broad Run ranged between
17.9 and 22.6 mg/L. These concentrationswere greater than the
average chloride concentration of 12.6 mg/L measured at the
reference site between 1999 and 2001. All other major ion con-
centrations were similar to concentrations measured at the ref-
erence site, and metal concentrations were near or below the
analytical detection limit. Boron concentrations were variable
but were generally at or dlightly above the background concen-
tration of 30 pug/L indicating no major source of wastewater in
the Broad Run watershed. On the basis of the chemical samples
collected, thewater quality in Broad Runissimilar to reference
conditionsfor the areaand is sufficient to support a healthy bio-
logic community.

Habitat

All sites sampled in the Broad Run watershed were in
areas of low-density residential land use with numerous field/
pasture and wooded areas. Stream widths of the active, or wet-
ted, channel (not the bankfull channel as described previously)
ranged from approximately 4.5 ft at Romansville to 15 ft at
Northbrook, and mean stream depth was approximately 0.5 ft at
all sites. The sites were partialy or fully shaded, and all sam-
pling reaches were 300 ft in length. Each sampling reach con-
sisted of small cobble-dominated riffles on a sand and gravel
substrate. Algae cover and sedimentation were light to moder-
ate at all sites. Theriparian areas were wide and contained trees
and multiflorarose, a ong with some horse pasture. Minor bank
erosion was evident at each site.

The habitat assessments of Broad Run at Romansville
(01480636) identified minor bank erosion and unstable bottom
habitat as the most important habitat issues. Therifflesin the
reach were dominated by gravel and sand that provide limited
available habitat for benthic-macroinvertebrate colonization.

The habitat assessments of Broad Run at Marshallton
(014806750) and Broad Run at Northbrook (01480638) identi-
fied minor sedimentation as the most significant habitat issue.
Thetwo downstream sites had better devel oped and more stable
riffles, which provide better habitat for macroinvertebrates.

Benthic Macroinvertebrates

The biologic samples collected from Broad Run contained
a diverse benthic-macroinvertebrate community dominated by
pollution-intolerant and intermediate taxa (taxa that are inter-
mediate in their pollution tolerance), including mayflies, stone-
flies, and caddisflies. Benthic-macroinvertebrate community
structure was relatively similar in al the samples collected at
thethree stream sites. Thetotal number of taxa collected ranged
between 35 and 46, and the total EPT taxa ranged between 16
and 24 in Broad Run (table 9). The numbers of taxaand EPT
taxacollected in 1999, 2001, and 2002 at thereference site (East
Branch Brandywine near Glenmoore) were similar to those col-
lected in Broad Run (table 9). Broad Run HBI valuescal culated
from benthic-macroinvertebrate data ranged from 3.68 to 5.10;
the median value was 4.35, which indicates low to moderate
organic enrichment. Organisms with an HBI tolerance value of
4 orless(“pollutionintolerant”; Klemm and others, 1990) made
up 14 to 32 percent of theindividuals collected. The most dom-
inant organisms in the benthi c-macroinvertebrate communities
were hydropsychid caddisflies, elmid beetles, and Chironomi-
dae (midges)(appendix 2-1). All these groups are intermediate
in their pollution tolerance. Organisms with an HBI tolerance
value of 6 or more (“pollution tolerant”; Klemm and others,
1990) made up 0.1 to 4.8 percent of the individuals collected.

The high number of total taxaand EPT taxacollected from
Broad Run, along with the high percentage of pollution-intoler-
ant organisms and low percentage of pollution-tolerant organ-
isms (table 9), is an indication that the benthic-macroinverte-
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Table 9. Summary of total taxa; Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa richness; and Hilsenhoff Biotic Index (HBI) values
for benthic-macroinvertebrates samples collected from Broad Run, Chester County, Pa., 1999-2002.

[>, greater than; <, less than]

U.S. Geological

Survey . Drainage Total EPT .Percent Percent
identification Station name area Date taxa _ taxa intolerant  tolerant HBI

number richness (HBI >4) (HBI <6)
01480636 Broad Run at Romansville, Pa 2.86 11/09/1999 43 21 13.8 4.8 5.10
(Lat 39° 57" 06" Long 75° 43 33") 10/29/2001 43 19 327 1 3.68
12/17/2002 45 23 283 8 437
0148063750 Broad Run near Marshallton, Pa. 5.45 10/29/2001 39 21 18.0 2.7 4.33
(Lat 39° 56" 48" Long 75° 42" 117) 12/17/2002 46 22 24.3 6 4.08
01480638 Broad Run at Northbrook, Pa. 6.39  11/09/1999 35 16 138 30 4.30
(Lat 39° 55’ 49" Long 75° 46’ 44") 10/29/2001 41 20 17.3 2.9 450
11/26/2002 45 24 14.8 40 4.49
01480653 East Branch Brandywine 16.5 10/15/1999 44 24 19.3 .6 4.25
near Glenmoore, PA 10/03/2001 42 25 36.8 12 405
Ef:jg?g‘;,sg, Long 75° 43 3%) 10/09/2002 48 20 35.8 11 3.89

brate community in Broad Run is being minimally affectedby ~ Summary

water quality and instream habitat conditions. The HBI values
from samples collected also indicate minimally affected water
quality and instream habitat conditions.

Although the benthic-macroinvertebrate communities col-
lected at all three sites in the Broad Run watershed were indic-
ative of good overall conditions, there were some small differ-
ences between sites and years. The site at Romansville had a
more variabl e benthi c-macroinvertebrate community compared
to the two downstream sites (table 9). The numbers of taxaand
EPT taxawere stable over the 3 years, but the number of indi-
viduals collected within each taxon was highly variable. This
variability may be due to seasonal differences, effects of flood-
ing, or unstable physical habitat conditions at the Romansville
site. The benthic-macroinvertebrate communities identified
from all the Marshallton and Northbrook samples were similar
in community structure.

Chemical, habitat, and benthic-macroinvertebrate data
collected from three stream sites in the Broad Run watershed
indicate good stream quality. Chemical data indicated that
nutrient, ion, and metal concentrations are similar to those at a
nearby reference stream. Overall habitat conditions were stable
throughout the entire watershed. Limited stream-bottom habitat
was the lowest rated habitat category at the headwater site, and
sedimentation was the lowest rated category at the downstream
sites. Biologic samples indicate diverse and healthy benthic-
macroinvertebrate communities throughout the entire Broad
Run watershed. Benthic-macroinvertebrate communities were
dominated by taxathat wereintolerant or moderately tolerant to
pollution. A few individuals from pollution-tolerant taxa were
also present within some samples, but they represented few taxa
and individuals. In general, data from all samples indicate that
the overall stream quality of the Broad Run is sufficient to sup-
port a healthy biologic community.
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Conclusions and Implications for Land-Use
Management

Broad Run currently exhibits generaly stable fluvial geo-
morphic characteristics (pattern, profile, and dimension of the
stream channel), has healthy biologic communities within the
stream, and does not appear to be greatly affected by commer-
cial or residential water use within the watershed. Geomorphic
data have shown, however, that the Broad Run is sensi-
tive—and, therefore, vulnerable—to future changesin land use
and (or) land cover within the watershed that may upset either
the bal ance between sediment loads and runoff supplied from
upstream or the fluvial geomorphic characteristics of the stream
channel. If Broad Run becomes unbalanced or degraded in
terms of fluvial geomorphology, the habitat within Broad Run
may also become reduced or degraded, and reduced biologic
diversity may result.

Broad Run, like all streams, isa complex natural system
that will respond literally to every change, no matter how small,
within its drainage. Devel opment within the Broad Run water-
shed and consequent changes to the runoff characteristics have
been shown to cause entrenched channels among small tributar-
iesto Broad Run; if such problems associated with land usein
thewatershed are allowed to increase in number and (or) size of
impaired areas, Broad Run will likely become unbalanced in
terms of sediment load and runoff. Thisimbalance will likely
cause changes in the stream-channel morphology, degrade the
biodiversity of the stream, and reduce the overall health of
Broad Run.

Changes in runoff magnitude or duration of streamflows
by stormwater structures, increasesinthe amount of impervious
surfacewithinthewatershed, increasesor decreasesin sediment
supplied to Broad Run by accelerated erosion and (or) addition
of hardened surfaces, encroachment by development onto
flood-plain areas, and (or) destruction of riparian areas are
examples of changes that may result in severe streambank and
streambed erosion, destruction of habitat, increased scour,
downstream sedimentation, and (or) more frequent flooding.
Proper management of the current resources and responsible
future growth, along with frequent monitoring, may maintain a
stable, healthy Broad Run watershed well into the future.
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Glossary

A

Aggradation The accumulation of sediment
within a stream channel at arate that exceeds
the capacity of the stream to transport that
material downstream.

Bankfull channel The active stream channel
during the bankfull discharge.

Bankfull cross-sectional area The cross-
sectional area of the bankfull channel mea-
sured perpendicular to the streamflow.

Bankfull discharge The most effective
streamflow for moving sediment, forming or
removing bars, forming or changing bends and
meanders, and generally doing work that
resultsin the average morphological character-
istics of channels (Dunne and Leopold, 1978)

Bankfull mean depth The average or mean
depth of the bankfull channel measured per-
pendicular to the streamflow.

Bankfull slope The changein elevation of
the bankfull channel (rise) divided by the dis-
tance along the line of maximum depth of the
bankfull channel (run).

Bankfull width Thetop width of the channdl,
measured perpendicular to streamflow, at
bankfull stage.

Benthic macroinvertebrates Therelatively
larger aguatic organisms that live on the
bottom of astream that do not have spines. The
relative populations of these organisms are
indicative of water quality and overall stream
health.

c

Competent (Competence) The ability of a
stream to transport the largest particles sup-
pliedtoit from upstream. Competencerefersto
particle size and not the amount of particles
that can be transported.

Contracted Referringto any restriction
within astream channel that causes streamflow
to converge and flow through asmaller, gener-
ally more narrow passage or opening.

Glossary

E

Entrenched A stream channel that has aban-
doned itsfloodplain. Rosgen (1996) definesan
entrenched stream channel in terms of aratio
between thewidth of theflood-prone areaat an
elevation twice the maximum bankfull depth
divided by the bankfull width at bankfull stage;
if thisratioislessthan or equal to 1.4, the chan-
nel is considered entrenched.

EPT taxa richness The total number of taxa
within the orders Ephemeroptera (mayflies),
Plecoptera (stoneflies), and Trichoptera (cad-
disflies).

Evulsion Localized stream reach exhibiting
relatively severe streambank erosion that can
be caused all, or in part, by both human activity
or natural causes.

G

Graded A stream condition where a balance
is present between sediment supply and the
capacity to transport that sediment. Also
known as dynamic equilibrium.

Gully (Gullies) A small, narrow, and rela-
tively deep stream channel found during the
initial stages of stream-channel development.
A gully isgeneraly classified under the
Rosgen (1996) stream-classification system as
a G-class channel with an entrenchment ratio
of lessthan 1.4, awidth to depth ratio of less
than 12, a slope between 0.02 to 0.039 ft/ft,
and asinuosity greater than 1.2.

HBI Index value based on the sensitivity of
organisms to organic pollution, water quality,
and habitat conditions. Values range from 0
(least tolerant) to 10 (most tolerant) with
respect to organic pollution, water quality, and
habitat conditions.

Head cut Theupstream-trending erosion of a
waterfall or steep riffle in a stream channel;
headcuts are often associated with disturbed
stream reaches that are eroding the streambed.
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Igneous rocks Theword igneousisbased on
the Latin word for fire; thus, igneousrocks are
initially very hot and molten. The two basic
kinds of igneous rock are intrusive and extru-
sive. Intrusive igneous rocks never reach the
surfacein aliquid state and cool, slowly, deep
underground; extrusive igneous rocks reach
the surface asaliquid (lava) and cool very
quickly. Intrusive igneous rocks generally
have much larger crystals (visible to the naked
eye) than do extrusive igneous rocks because
of the slow rate at which they cool.

Imbricated Overlapping bed materials that
are positioned on the streambed in a manner
similar to shingles on aroof; flat materials,
such asthe“platy” rocks derived from schist,
often orient themselves in this fashion natu-
rally because this affords the greatest resis-
tance to movement.

Massif A block of crustal material (rock) that
is bounded by faults, or substantial folds, and
has been displaced without substantial internal
deformation.

Metamorphic rocks Metamorphic means
“later change” andlocally describesthe change
observed in the form of arock dueto the
intense heat and pressure resulting from deep
burial and (or) the crustal shifts often associ-
ated with mountain-building forces. All rocks
can be metamorphosed and changed into com-
pletely new rocks by either physical changes,
chemical changes, or a combination of both.

P

Pattern The shape of a stream channel as
observed from above. For example, the sinuos-
ity of the stream channel (how much the stream
curves back and forth within its valley)
describes a component of the pattern of the
stream channel.

Profile Thestream channel asobserved from
the side. For example, the slope of the stream
channel (how much elevation islost over a
given reach) is a component of the profile of
the stream channel.
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Rill Small (lessthan 30 cm deep) channels.
As soil becomes saturated, water initially
beginsto flow overland asasheet (sheet flow).
The flow from this sheet eventually beginsto
concentratein small streams, or rivulets, which
create rills through erosion. Theserills, if
increased in size, would appear very similar to
a G-class channel or gully.

Riparian Relating to the banks of ariver or
stream; for example, riparian vegetation.

S

Sedimentary rocks Based on the Latin word
for settle, sedimentary rocks are formed as par-
ticulate matter, known as sediment, settles to
the bottom of awater body or accumulates at
the base of a hillside. These sediments may
eventually solidify into solid sedimentary
rocks by various natural cementing processes
that often include the precipitation of other
minerals.

Shear stress A stress, or force, acting in the
direction of flow on the streambed and stream-
banks.

Substrate A base material; such asthe base
on which an organism lives, the base on which
aplant takesroot, or the base on which overly-
ing materials rest.

T

Terrane A geographic areain which apartic-
ular kind of rock is dominant.



Appendixes 47

Appendixes

Appendix 1. Fluvial geomorphic assessment data tables

Table 1-1. Data collected and (or) calculated during fluvial geomorphic assessment of Broad Run, Chester County, Pennsylvania.
Table 1-2. Study site locations for fluvial geomorphic study sites, Broad Run, Chester County, Pennsylvania.



Table 1-1. Data collected and(or) calculated during fluvial geomorphic assessment of Broad Run, Chester County, Pennsylvania

[ft3/s, cubic feet per second; D50, particle size larger than 50-percent of the cumulative streambed sample; D84, particle size larger than 84-percent of the cumulative streambed sample; D50, particle size larger
than 50-percent of the particles within the cumulative core sample; Di, largest particle in the cumulative core sample; mm, millimeter; ft, feet; ft2, square feet; ft/ft, feet per foot; ft3/s, cubic feet per second,; Ib/ft2,
pounds per square foot; >, greater than]

Bankfull Bankfull Manning’s .
. Bankfull Estimated .
Cross-section cross- Bankfull Bankfull . water- n Hydraulic Stream
. Stream Valley R . maximum . . bankfull .
station and study 1 sectional width mean depth surface coefficient . radius reach
class type' depth . discharge . )
reach area (ft) (ft) (f) slope (dimen- (s) (ft) sinuosity
(f) (ft/ft) sionless)
XS 303 UPPER c4 I 25.7 236 11 16 0.011 0.048 85 1.04 11
XS 691 UPPER c4 I 258 216 12 2.0 .006 .041 81 111 11
XS 115 MIDDLE c4 I 34.5 25.0 14 2.0 .006 .042 115 1.30 13
XS 569 MIDDLE c4 I 329 235 14 2.6 .005 .037 112 132 13
XS 311 LOWER® E4 VIII 34.0 15.9 21 29 .004 127 45 191 12
XS 616 LOWER Cc4 VI 37.3 245 15 2.6 .007 115 47 1.43 12
Estimated Estimated Estimated . . .
. movable Maximum Dimensionless
Cross-section Entrench-  Average Average . . depth slope .-
. D50/ Di particle . . bankfull critical
station and study ment D50 D84 b required to required to
X (mm) (mm) size range . . shear stress shear
reach ratio (mm) (mm) move Di move Di 2
at bankfull (f) (f/ft) (Ib/ft%) stress
(mm)*
XS 303 UPPER >2.2 41.9 132 58 144 60-139 0.90 0.009 0.70 0.013
XS 691 UPPER >2.2 21.7 58.8 40 170 39-90 19 .011 46 .014
XS 115 MIDDLE >2.2 39.2 110 48 135 42-98 15 .007 .50 .013
XS 569 MIDDLE >2.2 17.3 71.9 74 110 34-79 20 .007 40 .017
XS 311 LOWER® >2.2 7.6 17.9 5.0 30.0 44-104 .90 .002 53 .025
XS 616 LOWER >2.2 21.3 80.6 43 123 55-128 17 .008 .65 .018
IRosgen, 1996.

2Sinuosity measured over entire reach which includes both cross sections.

SEstimated bankfull di scharge reflects severe resistance to flow resulting from dense riparian vegetation.

4Range based on use of Shields parameters of 0.035 and 0.015.

SEstimated bankfull discharge reflects severe resistance to flow resulting from dense riparian vegetation.
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Table 1-2. Study-site locations for fluvial geomorphic study sites, Broad Run, Chester County, Pennsylvania.

[mi?, square miles; °, degrees; ’, minutes; ”, seconds; USGS, U.S. Geological Survey; ID, idenification]
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Longitude/ I[::;?l::‘l;d:t/ Longitude/ Longitude/ Longitude/ Longitude/
Drainage latitude at downstream latitude at left  latitude atright latitude at left latitude atright
Site name argg upstre?m t'end end of end of end of end of end of
(mi®) of longitudinal lonaitudinal upstream upstream downstream downstream
profile [?roiile cross section cross section cross section cross section
Upper study reach 154 75044 2956" 75044 22.65" 75044’ 27.28" 75044’ 28.13"  75°44' 2333 75044’ 2453
39°57 47.63" 39°57 41.48" 39957 4548  39°57 44.81" 39°57 43.03"  39°57 42.36”
Middle study reach 4.88 75°42 19.68"  75°42 13.00° 75°42 19.00" 75°42 19.45"  75°42 14.16"  75°42 16.14"
39°56 57.56" 39°56' 52.97" 39°56' 57.50" 39°56' 56.31"  39°56 55.00"  39°56' 54.57”
ower study reac . . . . ) . .
L d h 6.39 75°41 13.84"  75°41 05.88"  75°41' 11.03° 75°41 10.76"  75°41 07.51"  75°41' 06.75"
(USGS station ID 39°55 49.03" 39°55 48.94" 39955 4951" 39955 48.31" 39955 49.377  39°55' 48.20"
01480638, Broad
Run at North-

brook)




50 Water Budget and Stream Assessment for the Broad Run Watershed, Chester County, Pennsylvania

Appendix 2. Stream-quality assessment data tables

Table 2-1. Biological data; benthic macroinvertebrates, Broad Run, Chester County, Pennsylvania.

Table 2-2. Discharge, field-measured water-quality characteristics and resultsfrom chemical sampling at biological sampling sites,
Broad Run, Chester County, Pennsylvania, 1999-2002.



Table 2-1. Biological data; benthic macroinvertebrates, Broad Run, Chester County, Pennsylvania.
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[Samples were collected using a Hess sampler with amesh size of 500 millimeters. Three samples covered atotal area of 2.4 square meters. --, no observations of the

organism in the sampler]

Station number

01480636

0148063750

01480638

Date

Nov. 9
1999

Oct. 29
2001

Dec. 17
2002

Oct. 29
2001

Dec. 17
2002

Nov. 9
1999

Oct. 29
2001

Nov. 26,
2002

Benthic macroinvertebrate

Count

Count

Count

Count

Count

Count

Count

Count

Platyhelminthes
Turbellaria (FLATWORMYS)
Tricladida
Planariidae
Nematoda (NEMATODES)
Nemertea (PROBOSCIS WORMS)
Enopla
Hoplonemertea
Tetrastemmatidae
Prostoma
Mollusca
Bivalvia(CLAMYS)
Veneroida
Sphaeriidae
Annelida
Oligochaeta (AQUATIC EARTHWORMYS)
Tubificida
Naididae
Arthropoda
Acariformes
Hydrachnidia (WATER MITES)
Crustacea
Cyclopoida
Cyclopidae
Amphipoda (SCUDS)
Crangonyctidae
Stygonectes
Isopoda (AQUATIC SOWBUGS)
Asdllidae
Caecidotea
Podocopa
Insecta
Ephemeroptera (MAYFLIES)
Baetidae
Acentrella
Baetis

13

38

29

26

30

7

31

14

30

22

26
61

10

104

12

194

13

10

62

14

10

17

12
46

58

20
52

15

78

82
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Table 2-1. Biological data; benthic macroinvertebrates, Broad Run, Chester County, Pennsylvania.

[Samples were collected using a Hess sampler with amesh size of 500 millimeters. Three samples covered atotal area of 2.4 square meters. --, no observations of the
organism in the sampler]

Station number 01480636 0148063750 01480638

Nov. 9 Oct. 29 Dec. 17 Oct. 29 Dec. 17 Nov. 9 Oct. 29 Nov. 26,

Date 1999 2001 2002 2001 2002 1999 2001 2002

Benthic macroinvertebrate Count Count Count Count Count Count Count Count

Caenidae

Caenis -- - - - - - - 2
Ephemerellidae

Dannella -- -- -- -- - - 1 -

Eurylophella 6 41 9 13 49 5 -- 9

Serratella 45 665 88 137 640 40 16 154
Heptageniidae

Epeorus 1 -- -- - 2 - 1 -

Senonema 11 168 23 85 126 6 3 17
Isonychiidae

Isonychia -- -- -- 16 24 - - 6
L eptohyphidae

Tricorythodes -- - - 5 3 - - -
Leptophlebiidae

Paraleptophlebia 7 9 - - - - - -

Odonata (DRAGONFLIES AND DAM-
SELFLIES)

Coenagrionidae
Argia - -- - - 1 - - -
Gomphidae -- - 9 - - - - -
Stylogomphus -- 11 - - - - 2 -
Plecoptera (STONEFLIES)
Capniidae
Allocapnia 11 - 60 - - 16 2 -
Chloroperlidae -- 20 - 5 - - - -
Leuctridae -- -- 2 -- - - - -
Paraleuctra - -- -- -- 6 - - 7
Nemouridae
Paranemoura -- - 4 - - - -- --
Perlidae
Acroneuria -- - - 5 1 - 11 3
Agnetina 27 99 17 30 15 - 3 --
Paragnetina -- - - - - 8 9 23
Taeniopterygidae
Strophopteryx 2 21 105 - 24 - 5 29
Taeniopteryx 2 23 1 9 3 1 11 3
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Table 2-1. Biological data; benthic macroinvertebrates, Broad Run, Chester County, Pennsylvania.

[Samples were collected using a Hess sampler with amesh size of 500 millimeters. Three samples covered atotal area of 2.4 square meters. --, no observations of the
organism in the sampler]

Station number 01480636 0148063750 01480638
Date Nov.9 Oct. 29 Dec. 17 Oct. 29 Dec. 17 Nov. 9 Oct.29  Nov. 26,
1999 2001 2002 2001 2002 1999 2001 2002
Benthic macroinvertebrate Count Count Count Count Count Count Count Count
Hemiptera (TRUE BUGS)
Veliidae
Rhagovelia -- 1 - - - - - -
Megaloptera
Corydalidae (FISHFLIES AND DOB-
SONFLIES)
Corydalus -- - - 1 - - -- --
Nigronia 2 5 7 6 2 2 2 2
Sialidae (ALDERFLIES)
Salis 1 5 - - - 1 2 -

Trichoptera (CADDISFLIES)

Brachycentridae

Micrasema 4 42 1 31 21 2 108 66
Glossosomatidae

Glossosoma 8 69 17 35 11 1 5 10
Goeridae

Goera 1 2 2 -- -- -- -- 1
Hydropsychidae

Cheumatopsyche 27 631 95 192 414 23 248 369

Hydropsyche 93 537 38 551 807 60 136 352
Hydroptilidae

Hydroptila -- - - 87 25 3 -- 48
Leucotrichia -- - 2 10 4 - -- --
L epidostomatidae

Lepidostoma -- 5 - 7 - - 2 --
Leptoceridae

Oecetis -- - - - 1 - -- --
Philopotamidae

Chimarra 4 81 136 47 714 42 56 287

Dolophilodes 3 92 2 3 - - 4 2

Wormaldia -- - - - - 1 -- --
Polycentropodidae

Polycentropus 7 43 36 - 5 4 5 3
Psychomyiidae

Lype -- -- 1 -- -- 1 -- --

Psychomyia 1 - 2 9 - - -- 1
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Table 2-1. Biological data; benthic macroinvertebrates, Broad Run, Chester County, Pennsylvania.

[Samples were collected using a Hess sampler with amesh size of 500 millimeters. Three samples covered atotal area of 2.4 square meters. --, no observations of the

organism in the sampler]

Station number 01430636 0148063750 01480638
Date Nov.9 Oct. 29 Dec. 17 Oct. 29 Dec. 17 Nov. 9 Oct.29  Nov. 26,
1999 2001 2002 2001 2002 1999 2001 2002
Benthic macroinvertebrate Count Count Count Count Count Count Count Count
Rhyacophilidae

Rhyacophila -- 23 6 - - - -- 3
Uenoidae

Neophylax 11 - 10 - - - -- 4

Coleoptera (BEETLES)
Dryopidae

Helichus -- - - - - - 1 -
Elmidae (RIFFLE BEETLES)

Ancyronyx 4 - - - - 34 -- --

Dubiraphia 1 6 10 - 1 - 1 --

Macronychus -- 1 2 - - - - 3

Optioservus 93 660 320 477 211 124 222 587

Oulimnius 42 133 89 59 40 102 118 292

Promoresia -- 3 - 13 29 - 62 71

Senelmis 3 30 16 62 34 37 127 95
Hydrophilidae

Helophorus -- 1 - - - - - -
Psephenidae (WATER PENNIES)

Ectopria -- - - - 1 - - -

Psephenus 6 117 10 121 76 9 15 54
Ptilodactylidae

Anchytarsus 3 - 7 - - - -- --

Diptera (TRUE FLIES)
Ceratopogonidae (BITING MIDGES) 1 1 1 - 1 - - 1
Chironomidae (MIDGES) 525 240 521 329 440 45 320 509
Empididae (DANCE FLIES)

Hemerodromia 2 1 2 1 2 - 2 14
Ephydridae -- - - - - - -- 2
Simuliidae (BLACK FLIES)

Prosimulium -- - 194 - 9 - -- --

Smulium 8 7 -- 5 131 2 1 30
Tipulidae (CRANE FLIES) -- - - -- - - -

Antocha 39 4 71 65 3 19 66

Dicranota 4 - 1 1 - -- --

Tipula -- 3 8 -- -- -- 1 --

Total organisms 1,098 3,970 1,966 2,647 4,238 624 1,687 3,384
Total number of taxa 43 43 45 39 46 35 41 45
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Table 2-2. Discharge, field-measured water-quality characteristics, and results from chemical sampling at biological-sampling sites, Broad

Run, Chester County, Pennsylvania, 1999-2002.

[#t3/s, cubic feet per second; mg/L, milligrams per liter; ps/cm, microsiemens per centimeter; deg C, degrees Celsius; <, less than; E, estimated value]

pH Specific

Instan- . Temper- Calcium Magnesium  Potassium
Dissolved water, conductance,
taneous oxvaen unfiltered water ature water, water, water,
Date Time discharge, ygen, ! ! water, filtered, filtered, filtered,
mg/L standard unfiltered
ft'ls (00300) units H1S/cm deg C mg/L mg/L mg/L
(00061) (00400) (00095) (00010) (00915) (00925) (00935)
(01480636) Broad Run at Romansville, PA
11-09-99 1130 1.8 12.2 7.3 180 9.0 13.3 7.24 1.09
10-29-01 1230 .55 10.5 74 193 10 15.1 7.93 1.40
12-17-02 1200 55 11.8 6.8 188 5.4 125 7.11 131
(0148063750) Broad Run near Marshallton
10-29-01 1100 14 12.0 7.3 229 7.0 18.7 8.45 1.79
11-26-02 1300 4.4 121 7.2 231 8.7 18.1 8.41 1.46
(01480638) Broad Run at Northbrook
11-09-99 0930 4.6 12.2 74 200 6.5 159 7.51 1.71
10-29-01 0845 1.7 105 7.2 213 55 17.2 7.82 1.96
11-26-02 0930 5.0 10.1 7.2 224 6.7 174 8.06 1.39
ANC,
Sodium water, Chloride Fluoride Silica Sulfate Ammonia  NUited o peite,
unfiltered, nitrate,
water, titrated water, water, water, water, water, water water,
Date filtered, . ! filtered, filtered, filtered, filtered, filtered, " ' filtered,
field, filtered,
mg/L mg/L as mg/L mg/L mg/L mg/L mg/L mg/L as N mg/Las N
(00930) CaC0; (00940) (00950) (00955) (00945) (00608) (00631) (00613)
(00419)
(01480636) Broad Run at Romansville, PA
11-09-99 8.51 30 17.9 <0.10 8.3 13.6 <0.02 2.81 <0.010
10-29-01 8.05 34 189 <.10 9.3 13.8 <.04 2.73 E.005
12-17-02 9.95 25 19.7 <17 74 155 <.04 2.75 <.008
(0148063750) Broad Run near Marshallton
10-29-01 9.89 50 22.6 <.10 11.8 17.2 <.04 2.50 <.008
11-26-02 111 47 225 <17 9.5 18.1 <.04 2.80 E.005
(01480638) Broad Run at Northbrook
11-09-99 9.60 34 19.2 <.10 10.7 16.5 <.02 2.65 <.010
10-29-01 9.33 42 20.5 <.10 114 18.6 <.04 2.08 E.005
11-26-02 10.6 36 21.3 <17 9.9 175 <.04 2.61 E.004
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Ortho-

Aluminum, Arsenic, Boron, Cadmium Chromium Copper
phosphate,
water water, water, water, water, water, water,
Date filtereci filtered, filtered, filtered, filtered, filtered, filtered,
mg/L as P Ha/L Ha/L Ha/L Ha/L Ha/L Ha/L
(01106) (01000) (01020) (01025) (01030) (01040)
(00671)
(01480636) Broad Run at Romansville, PA
11-09-99 <0.01 <10 <2 16 <0.1 <0.8 <1.3
10-29-01 <.02 - -- 30 - -- --
12-17-02 <.02 - -- 31 - -- -
(0148063750) Broad Run near Marshallton
10-29-01 <.02 - -- 26 - -- --
11-26-02 <.02 - -- 36 - -- --
(01480638) Broad Run at Northbrook
11-09-99 <.01 <20 <2 E13 <1 1.0 <13
10-29-01 <.02 - -- 27 - -- --
11-26-02 <.02 <20 <2 38 <.2 <.8 <12
Iron, Lead, Manganese, Mercury, Molybdenum, Nickel, Zinc,
water, water, water, water, water, water, water,
Date filtered, filtered, filtered, filtered, filtered, filtered, filtered,
Ha/L Ha/L Ha/L Ha/L Ha/L Ha/L Ha/L
(01046) (01049) (01056) (71890) (01060) (01065) (01090)
(01480636) Broad Run at Romansville, PA
11-09-99 12 <1 12.6 <0.2 <1.0 <14 <20
10-29-01 15 - -- -- - -- --
12-17-02 15 - -- -- - -- --
(0148063750) Broad Run near Marshallton
10-29-01 23 - -- -- - -- --
11-26-02 43 - -- -- - -- --
(01480638) Broad Run at Northbrook
11-09-99 24 <1 14.1 <.20 <1.0 <14 <20
10-29-01 27 - -- -- - -- --
11-26-02 32 <1 26.7 <.02 <18 <2.0 <24
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Appendix 3 - Annual water budget data tables

Table 3-1. Record of observation wells analyzed for usein computation of annual water budget for the Broad Run watershed, Ches-
ter County, Pennsylvania.

Table 3-2. Monthly water-level measurements from observation-well network, 2003 to 2004, Chester County, Pennsylvania.
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Table 3-1. Record of observation wells analyzed for use in computation of annual-water budget for the Broad Run watershed, Chester Coun-
ty, Pennsylvania.

Use of site: O, observation well; W, withdrawal.

Use of water: C, commercial; H, domestic; P, public supply; U, unused.

Topographic setting: H, hilltop; S, hillside; V, valley flat; W, upland draw.

Hydrogeologic unit: 300PRCK, Peters Creek Schist; 300WSCKO, Wissahickon Schist; 300WSCKA, Octoraro Phyllite.

[°, degrees; ’, minutes; ”, seconds; Twp, Township]

Geolljt.)z.ical m— Township Owner o gI::))I‘:i-c g:Z:’or;i-c
sur::,l:,b‘;vre" Latitude Longitude Uss;:eOf l::;:: setting unit
CH-1158! 39°58' 28.36" 75044 4ATT W. Bradford March w H S 300WSCKA
CH-50711 39955’ 58.45” 75° 41’ 33.90" W. Bradford Latta w H \Y 300WSCKO
CH-6519 39°56' 34.40” 75° 44’ 25,92 Newlin Newlin Twp. (0] U S 300PRCK
CH-6664 39°56' 42.75" 75° 42 01.81” W. Bradford Temenos w H S 300WSCKO
CH-6665 39°56' 46.00” 75° 41’ 55.78" W. Bradford Temenos w U W 300WSCKO
CH-66661 39°56' 42.75" 75° 41’ 54.50" W. Bradford Temenos w P H 300WSCKO
CH-66671 39°56' 34.24” 75° 42’ 40.95" W. Bradford W. Bradford Twp. (0] U S 300WSCKO
CH-6668" 39°56' 37.25" 75° 42 40.61" W. Bradford W. Bradford Twp (0] U S 300WSCKO
CH-6669 39°57 13.96 75° 43’ 38.86" W. Bradford McElhaney w H S 300PRCK
CH-6670 39°57' 15.33" 75° 43 53.58" W. Bradford Powell w U S 300PRCK
CH-66711 39°57' 11.95" 75° 43 5257 W. Bradford Kalbach w H S 300PRCK
CH-66721 39958 14.73" 75° 43 09.77" W. Bradford Hollway w H H 300WSCKA
CH-6673 39°57 34.95” 75° 42’ 52.86" W. Bradford Mathews w H S 300PRCK
CH-6674 39°57' 39.48” 75° 41’ 52.43" W. Bradford Highland Orchard w C H 300WSCKO

Iwells selected for usein computation of the annual water budget.



Table 3-2. Monthly water-level measurements from observation-well network, 2003-2004, Chester County, Pennsylvania.

u.s.
Geological
Survey Depth to water, in feet, on given date
well
number

CH-1158 04/10/03  05/09/03 06/10/03  07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
9.86 10.54 9.38 10.25 11.14 11.65 10.67 9.55 9.85 10.17 9.99 10.62 10.19

CH-5071 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04 04/09/04
.92 .93 A1 .87 .89 1.00 .87 .86 .94 1.50 .92 .94 .95

CH-6519 04/22/03  05/20/03 06/20/03 07/22/03 08/21/03 09/23/03 10/21/03 11/10/03 12/19/03 01/21/04 02/19/04 03/19/04 No Data

59.38 60.98 54.66 54.60 52.02 41.55 44.19 44.19 42.25 47.42 47.80 48.96 No Data

CH-6664 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
17.75 18.05 16.80 22.62 19.82 21.81 15.06 15.59 15.92 21.40 14.97 18.67 16.54

CH-6665 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
15.42 16.44 15.86 16.29 17.14 17.36 15.59 15.43 15.78 16.09 15.82 16.53 16.38

CH-6666 04/10/03 05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04 04/09/04
1.96 245 244 371 8.07 3.53 1.38 224 44.98 48.00 3.14 243 1.88

CH-6667 04/10/03  05/09/03 06/10/03  07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
47.30 47.97 45.62 44.36 46.21 45.33 4151 40.97 40.74 39.99 40.83 41.90 42.60

CH-6668 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/21/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04

62.25 63.35 58.75 58.52 60.41 58.45 55.82 53.94 53.78 52.78 53.58 54.81 55.5

CH-6669 04/10/03 05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
32.00 35.36 19.75 46.76 21.56 32.22 24.29 23.82 2341 30.85 25.82 24.86 28.97

CH-6670 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
22.92 23.36 19.98 23.29 23.37 23.44 22.68 21.27 22.36 22.84 21.83 23.35 2281

CH-6671 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
59.53 61.03 54.89 59.77 63.37 65.19 58.33 56.10 57.83 58.89 58.87 62.37 58.53

CH-6672 04/10/03 05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04 04/09/04
79.81 82.38 75.09 80.80 83.58 86.32 80.00 77.58 79.37 80.42 77.30 8341 80.29

CH-6673 04/10/03  05/09/03 06/10/03  07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04  04/09/04
29.40 20.87 18.77 34.70 30.46 29.37 29.19 25.63 23.86 28.22 26.73 50.65 32.75

CH-6674 04/10/03  05/09/03 06/10/03 07/14/03 08/11/03 09/10/03 10/10/03 11/10/03 12/10/03 01/13/04 02/10/04 03/12/04 04/09/04
32.72 33.00 33.05 31.12 32.39 33.14 31.05 31.56 31.91 31.76 32.93 33.92 34.19
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