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WATER RESOURCES AND THE
HYDROLOGIC EFFECTS OF COAL MINING IN
WASHINGTON COUNTY, PENNSYLVANIA

by Donald R. Williams, John K. Felbinger, and Paul J. Squillace

ABSTRACT

Washington County occupies an area of 864 square miles in southwestern "
Pennsylvania and lies within the Pittsburgh Plateaus Section of the
Appalachian Plateaus physiographic province. About 69 percent of the county
population is served by public water-supply systems, and the Monongahela River
is the source for 78 percent of the public-supply systems. The remaining
31 percent of the population depends on wells, springs, and cisterns for its
domestic water supply.

The sedimentary rocks of Pennsylvanian and Permian age that underlie the
county include sandstone, siltstone, limestone, shale, and coal. The mean
reported yield of bedrock wells ranges from 8.8 gallons per minute in the
Pittsburgh Formation to 46 gallons per minute in the Casselman Formation.
Annual water-level fluctuations usually range from less than 3 ft (feet)
beneath a wvalley to about 16 ft beneath a hilltop. Average hydraulic
conductivity ranges from 0.0l to 18 ft per day. Water-level fluctuations and
aquifer-test results suggest that most ground water circulates within 150 ft
of land surface.

A three-dimensional computer flow-model analysis indicates 96 percent of
the total ground-water recharge remains in the upper 80 to 110 ft of bedrock
(shallow aquifer system). The regional flow system (more than 250 ft deep in
the main valley) receives less than 0.1 percent of the total ground-water
recharge from-the Brush Run basin. The predominance of the shallow aquifer
system is substantiated by driller’s reports, which show almost all water
bearing zones are less than 150 ft below land surface. The modeling of an
unmined basin showed that the hydrologic factors that govern regional ground-
water flow can differ widely spatially but have little effect on the shallow
aquifers that supply water to most domestic wells. However, the shallow
aquifers are sensitive to hydrologic factors within this shallow aquifer
system (such as ground-water recharge, hydraulic conductivity of the stream-
aquifer interface, and hydraulic conductivity of the aquifer). A vertical
fracture zone would probably increase ground-water availability within the
zone and would probably result in a lower head in the shallow aquifers in an
upland draw area and an increased head in a valley.
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Streams in the northern and western parts of the county drain to the Ohio
River and streams in the eastern and southern parts of the county drain to the
Monongahela River. The computed 7-day, 10-year low-flow frequencies for the
surface-water sites ranged from 0.0 to 55 x 10-3 cubic feet per second per
square mile. The lowest low-flow discharges per square mile were in the
south-central and southwestern parts of the county. The highest low-flow
discharges per square mile were in the eastern and northern parts of the
county. The annual water loss at five gaged streams ranged from 52 to
75 percent of the total precipitation. The loss resulted from evaporation,
transpiration, diversion, mines, ground-water outflow from the system, and
plant and animal consumption.

The major ground-water-quality problems are elevated concentrations of
iron, manganese, and dissolved solids, and very hard water. Minor ground-
water-quality problems include elevated concentrations of fluoride, chloride,
and sulfate. Downgradient along the ground-water flow path, principal ions
change from mostly calcium, magnesium, sulfate, and bicarbonate to sodium and
chloride. Dissolved-solids concentrations generally increase with residence
time. Elevated concentrations of sulfate and total dissolved solids were
common at the surface-water sites in the northern and eastern parts of the
county where most of the active and abandoned coal mines are located and where
acid mine drainage is most prevalent. However, measured alkalinity at most of
the surface-water sites ranged from 86 to 345 milligrams per liter, indicating
that these streams would have a neutralizing effect on most inflows of acid
mine drainage.

The model of the hypothetically mined Brush Run basin shows that the
vertical hydraulic conductivity (either existing or induced by mine
subsidence) between the shallow ground-water system and the mine, and the
depth to the mine are critical controls on the amount of ground water entering
the mine. When the vertical hydraulic conductivity was increased by a factor
of four for a mine about 250 ft deep in the main valley, inflow to the mine
increased almost by the same factor. The model also shows that increasing the
depth te a mine by 200 ft (mine about 450 ft deep in main valley) would cause
mine inflow to decrease one order of magnitude.

Comparisons between stream discharges during low base-flow conditions in
a mined basin (Daniels Run) and an unmined basin (Brush Run) indicated that
the deep mining did not substantially lower streamflow. Although streamflow
decreased and, at times, completely disappeared in the middle and lower parts
‘of Daniels Run basin, it reappeared again downstream as ground-water discharge
and was part of the flow at the mouth of Daniels Run. Comparison of the
water-quality characteristics of the two basins showed that concentrations of
dissolved solids, sulfate, sodium, chloride, fluoride, and manganese were
greater in the mined basin than in the unmined basin. The pH and iron
concentrations were similar in both basins.



INTRODUCTION

Water managers and residents of Washington County are concerned about the
actual and potential effects of large-scale mining on their water resources,
particularly in the southwestern part of the county, which contains a
significant percentage of the nation’s high-grade bituminous-coal reserves.
People are concerned particularly about the reduction of ground-water storage
in shallow aquifers above potential underground coal mines. These aquifers
are the source of waters to numerous municipal and individual water-supply
systems. Overlying aquifers have been fractured and dewatered in parts of
eastern Washington County because of the collapse of unsupported roofs in some
of the deep coal mines. Of equal concern is the effect of underground coal
mining on the water supply in municipal surface-water reservoirs, which supply
water to many county residents.

€

The principal sources of water contamination in Washington County are
domestic sewage, industrial discharges, and acid mine drainage (AMD). AMD,
the chief source of water contamination, is the result of more than 100 years
of surface and underground coal mining; primarily in the eastern and northern
parts of the county. AMD has affected the quality of surface and ground
waters, the public water-supply systems, and water-oriented recreation
throughout the mined parts of the county.

If coal continues to be a significant energy resource for the rest of
this century, major initiatives will be taken to recover the coal reserves
remaining in southwestern Washington County. This could expand the water-
supply and AMD problems to presently unmined areas of the county. In response
to these concerns, this study was undertaken by the U.S. Geological Survey in
cooperation with the Pennsylvania Topographic and Geologic Survey, the
Washington County Planning Commission, and the Washington County Conservation
District. ~

Purpose and Scope

This report describes the hydrogeology, water resources, and the effects
of coal mining on the water resources. Ground-water data, which include water
levels, well and spring yields, and water quality are used to describe the
hydrologic conditions of the geologic formations underlying Washington County.
Surface-water-quantity and quality data are used to describe the surface-water
characteristics and the severity of AMD throughout the county. The hydrologic
effects of coal mining are shown by comparing the hydrologic conditions
throughout the county, and in particular, the conditions in the unmined Brush
Run basin are compared with those in the mined Daniels Run basin. A three-
dimensional ground-water-flow model defines the ground-water-flow systems in
the unmined basin and simulates conditions under several possible underground
mine situations.



Previous Investigations

The coal, o0il, and gas resources of southwestern Pennsylvania have
provided the impetus for many geologic publications dating back to the early
19th century. A few of these studies are listed by Berryhill and others
(1971, p. 3), Socolow and others (1980, p. 47-48), and Piper (1933, p. 2-4).

There are 14 published 7-1/2-minute geologic maps (table 1) and a few
recent publications that describe the geology of various parts of the county.
Kent and others (1969) discussed the geology and land use in the eastern part
of the county. Berryhill and others (1971) further defined the stratigraphy,
sedimentation, and economic and engineering geology of the coal-bearing rocks
of Late Pennsylvanian and Early Permian age near the city of Washington.

Piper (1933) published the first comprehensive ground-water investigation
in southwestern Pennsylvania. Piper’s investigation involved the collection
of well data and interpretation of the occurrence of ground-water quantity and
quality with respect to the rock formations and structure. He also discussed
the best methods of well construction and recovery of water. Poth (1962)
summarized the occurrence and chemical quality of brine in western
Pennsylvania. Newport (1973) published a summary of ground-water resources of
Washington County in which he discussed the hydrologic cycle, water-bearing-:
characteristics of the geologic units, and problems threatening the ground
water. Chester Engineers (l1971) conducted a water-resources study of the
Tenmile Creek basin which provided information on streamflow, flood flows and
frequencies, water quality, and water supply. Beall (1975) did a stream
reconnaissance of nutrients and other water-quality constituents in the
greater Pittsburgh region, which included Washington County. Page and Shaw
(1977) examined selected sites in Washington County as part of their work on
the low-flow characteristics of Pennsylvania streams. During 1979-81, the
. U.S. Geological Survey measured streamflow and sampled water chemistry and
aquatic invertebrates at selected stream sites in the coal region that
included Washington County (Herb and others, 1981; Roth and others, 1981).

Table 1.--Names and authors of the 7-1/2-minute geologic-map quadrangles
in Washington County

Geologic

quadrangle name

Authors

Amity

Avella and part of the
Steubenville East

California

Carmichaels

Ellsworth

Hackstt

Mather

Midway

Monongahela

Prosperity

Washington East

Washington West

Waynesburg

West Middletown and part of Bethany

Berryhill (1964)
Schweinfurth (1976)

Schweinfurth (1967)

Kent (196%a)

Berryhill and Schweinfurth (1964)
Kent (1967)

Kent (1969b)

Roen (1973)

Roen, Kent, and Schweinfurth (1968)
Kent (1972}

Swanson and Berryhill (1964)
Berryhill and Swanson (1964)

Roen (1970)

Schweinfurth (1975)




Geography

Washington County is near the southwestern corner of Pennsylvania and
includes an area of 864 mi2 (square miles) (fig. 1). The county is bordered
on the north by Beaver and Allegheny Counties, on the east by Westmoreland and
Fayette Counties, on the .south by Greene County, and on the west by West
Virginia.

Washington County is in the Pittsburgh Plateaus Section of the
Appalachian Plateaus physiographic province. The present land surface was

formed through the erosion by streams of a former plain. Remnants of this
ancient plain slope from altitudes of about 1,500 ft above sea level in the
southern part of the county to about 1,200 ft in the northern part. Stream .

erosion has created a complexly dissected area, having as much as 750 ft of
relief between hilltops and valley bottoms. Tributary streams generally lie
in V-shaped valleys, and their gradients are much steeper than those of the

major streams.

‘ Washington County is drained by several streams, all of which eventually
flow into either the Ohio River on the west and north or into the Monongahela
River .on the east. The major streams that drain westward into the Ohio River
include Kings Creek, Harmon Creek, Cross Creek, Buffalo Creek, and Enlow Fork
pof Wheeling Creek. Draining to the north and northeast into the Ohio River
are Raccoon Creek and Chartiers Creek. Draining to the east into the
Monongahela River are Peters Creek, Mingo Creek, Pigeon Creek, Maple Creek,
Pike Run, and Tenmile Creek. '

The 1980 population of Washington County was 217,000. Most of the large
municipalities are in the extreme eastern part of the county along the
Monongahela River and in the central part of the county. The populations of
these municipalities have decreased within the last 10 years, while the small,
rural municipalities have increased.

Agricultural land accounts for about 47 percent of the total land use.
Because of the soils and slopes throughout the county, hayland and pastureland

rank largest in agricultural land use. Forest land covers about 35 percent of
the county’s total area and a large percentage is not readily adaptable to
most uses because of the steepness of the terrain. County and community

parks, surface mines, state gamelands, and areas of commercial, industrial,
and residential development make up the remaining land use.

The climate of Washington County is humid continental. Annual
precipitation for 1949-85 averaged 36.4 in. (inches) at Donora on the eastern
border of the county and 40.2 in. at Burgettstown in the northern part of the
county (U.S. Department of Commerce). Summers generally are mild to warm and
humid; the mean temperature is about 70 °F (degrees Fahrenheit). Winters
generally are cold; the mean temperature is about 30 °F. The average annual
snowfall is about 30 in. The prevailing wind is generally from the west-

southwest.
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Water Use

In 1984, withdrawals for public water-supply systems in Washington County
averaged about 24.2 Mgal/d (million gallons per day). About 69 percent of the
total population was served by public water supplies, and the remaining
- 31 percent depended on wells, springs, and cisterns for their domestic supply.
The large municipalities, such as Washington and Canonsburg, and the towns
along the Monongahela River and other sparsely-populated areas scattered
throughout the county depend largely on public water-supply systems. The main
water-supply companies serving the majority of the residents of Washington
County are listed in table 2. The data in table 2 are based on information
from the State Water Plan of the Pennsylvania Department of Environmental
Resources (1984). Rivers, streams, and reservoirs are the sources of
98.8 percent of the water for the public supply systems; wells provided
1.0 percent of the water and springs provided 0.2 percent. The Monongahela
River supplies more than 78 percent of the water used by the public-supply
systems.  Figure 2 shows the approximate areas served by the major water-
supply systems. Areas in figure 2 not serviced by public supplies depend
mainly on wells, springs, and cisterns for water supply.
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Table 2.--Water use for public-supply systems in Washington County, Pennsylvania for 1984

[--, no data available.

Resources, Annual Water Supply Report, 1984]

Data from Pennsylvania Department of Environmental

Average daily consumption,

Commercial and

in gallons per day

Water company1 Water source Domestic industrial Other Total
1. Independence
Municipal Authority Donahue Dam 48,300 2,000 30,700 81,000
2, Cedar Grove
Water Association Donahue Dam 17,600 1,200 -- 18,800
3. P-F Area Water Ground-water wells
Association from Weirton, W.Va, 111,000 11,000 31,000 153,000
4, Smith Township Dinsmore Dam
Municipal Authority and one well 237,000 73,800 34,500 345,300
5. Western Pennsylvania Chartiers Creek
Water Company, Reservoirs 1, 3, 4;
McDonald and Little Chartiers
Washington Creek Reservoirs 1 and
District ‘2; Monongahela River 6,132,000 5,575,000 681,000 12,388,000
6. Western Pennsylvania
Water Company,
Monongahela District Monongahela River 1,309,000 280,500 280,500 1,870,000
7. Charleroi Municipal
Authority Monongahela River 1,680,000 3,760,000 1,050,000 6,490,000
8. Van Voorhis
Water Company Spring 7,240 == -- 7,240
9. McCormick
Water Company Monongahela River 3,420 -= 3,530 6,950
10. Bentleyville
Water Company Monongahela River 107,800 43,900 45,300 197,000
11. Ellsworth
Water Company Pigeon Creek 63,500 177,000 65,900 306,400
12. Cokeburg South Branch
Water Company Pigeon Creek 39,900 -- - 39,900
13. Marianna
Water Company Tenmile Creek 37,400 175,000 119,000 331,400
14. West Bethlehem
Township
Water Company Tenmile Creek 20,100 -- 9,800 29,900
15. Southwestern Monongahela River,
Pennsylvania South Fork
Water Authority Tenmile Creek 33,600 2,700 1,200 37,500
16. Tri-County Joint
Municipal Authority Monongahela River 280,000 114,000 15,000 409,000
17. California
Water Company Monongahela River 309,000 37,600 51,400 398,000
18. Washington Township
Municipal Authority Monongahela River 146,000 650,000 -- 796,000
19. Claysville-Donegal
Joint Municipal Tributary of
Authority Buffalo Creek 50,000 13,000 20,000 83,000
20. West Alexander Borough
Municipal Authority Ohio River 27,400 700 1,400 29,500
21. Redstone
Water Company Spring 34,700 e ~-- 34,700
22. Somerset
Water Company Pigeon Creek 5,500 - 3,000 8,500
23, Bethenergy Central Branch
Mines, Inc. Pigeon Creek 1,600 176,000 2,300 17%,900
TOTALS 10,702,060 11,093,400 2,445,530 24,240,990

1

Locaticns shown on figure 2.
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METHODS OF INVESTIGATION

A description of the geology of Washington County was compiled from
several geologic maps onto a single county map (plate 1). The geology was
used to establish the framework for ground-water occurrence, movement, and
quality. More than 500 domestic wells rand 50 springs were inventoried to
define the availability of ground water with respect to geologic formation and
topographic position. To help quantify ground-water occurrence and flow,
aquifer tests and slug tests were made and geophysical logs were run on nine
wells. Water-level recorders were installed on these nine observation wells
to determine characteristics of ground-water recharge and premining water-
level fluctuations. Water-level data were collected at 12 additional
observation wells in Greene County that were drilled for the Greemne County .
Water Resources Study (Stoner and others, 1987). Similarities in the geology
and mining conditions in Greene County make such data comparable with
Washington County water-level data. Water levels in about 150 of the
inventoried domestic wells in 14 populated areas in the unmined section of the
county (fig. 3) were measured 4 to 5 times between 1983 and 1985. This
information was used as a generalized, premining water-level data base.

Water samples from the nine observation wells were collected for water-
quality analyses after pumping the wells until the specific conductance had
stabilized. Water samples were collected from house taps of 90 domestic well
systems that did not have filters or water conditioners.

Thirty-five sites for measuring surface-water quantity and quality were
established throughout the county (fig. 1 and table 3). Sites 11, 16, 20, 21,
22, and 25 were streamflow-gaging stations where continuous streamflow data
were recorded. Instantaneous streamflow data were recorded at the other
29 sites. Sites 15 and 16 were part of the surface-water network of the
Greene County Water Resources Study from September 1979 through September 1982
(Stoner and others, 1987). Sites 1, 2, 3, 6, 8, 10, 13, 27, 28, 32, 33, and
34 were part of the U.S. Geological Survey Coal Hydrology Network that was
sampled from 1979-81. Streamflow data were collected at site 25 from 1960-78
as part of the U.S. Geological Survey'’s streamflow-gaging network.

Water samples were collected four times from 1983-85 at all surface-water
sites during low and high base flows. Samples were collected more frequently
at the six streamflow-gaging stations. Water-quality data collected from
previous studies are also reported. Water-quality field measurements of
ground water and surface water included acidity, alkalinity, specific
conductance, pH, and temperature. Laboratory analyses included dissolved
calcium, magnesium, sodium, potassium, sulfate, chloride, flucride, silica,
boron, total and dissolved iron, total and dissolved manganese, and total
dissolved solids. Total sulfide was determined for ground-water samples only.
Trace elements analyzed for the nine observation wells included dissolved
aluminum, arsenic, cadmium, chromium, cobalt, copper, lead, mercury, nickel,
selenium, strontium, and zinc. The samples were analyzed at the U.S.
Geological Survey laboratory in Doraville, Georgia.

10



The effects of coal mining on the water resources were determined by
comparing the hydrologic conditions in a mined basin (Daniels Run) and an
unmined basin (Brush Run). Two recording rain gages were installed in each
basin. Surface-water discharge from each basin was recorded at a stream-
gaging station. Ground-water discharge in each basin was measured by five
seepage runs made during base-flow periods in the spring and fall during
1983-85. Continuous water-level data were recorded at one observation well in
the Daniels Run basin and at two observation wells in the Brush Run basin.
Additional water-level data were collected at 20 domestic wells in the Daniels
Run basin .and at 25 domestic wells in the Brush Run basin.

A three-dimensional ground-water model was constructed to improve the
understanding of ground-water-flow concepts in the Brush Run basin. The
steady-state calibration of the model was based on hydrologic data collected
in the basin, from data transferred from areas outside the basin in Washington
County, and from the results derived from the Greene County Water Resources
Study (Stoner and others, 1987). Finally, simulations of several underground
mine scenarios were conducted to determine potential effects mining would have

on the hydrologic system.

11
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Table 3.--Site numbers, station numbers, station names, and drainage areas for surface-water sites

Site number

Station number

Station name

Drainage area

in square miles

@@ N o W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
3s
136
237

‘03085237
03085240
03085300
03085310
03075081
03075058
03075037
03075035
03074800
03072820
03072818

. 03072817
03072815
03072813
03111580
03111585
031116603
03111900
03111220
03085217
03085220
03085221
03085224
03111140
03111150
03111250
03111005
03111001
03107650
03085400
03085450
03107600
¢3110920
03110812
03110820
03073000
03112000

Chartiers Creek at Houston, Pa.
Chartiers Run at Houston, Pa.

Little Chartiers Creek at Linden, Pa.

Res #2 Little Chartiers Creek near McMurray, Pa.

Peters Creek at Gastonville, Pa.

Mingo Creek at River View, Pa.

Pigeon Creek at Hazel Kirk, Pa.

North Branch Pigeon Creek at Bentleyville, Pa.
Pike Run at Daisytown, Pa.

Daniels Run at West Zollarsville, Pa.

Daniels Run near West Zollarsville, Pa.

Little Tenmile Creek near Tenmile, Pa.

Tenmile Creek near Amity, Pa.

Tenmile Creek at Prosperity, Pa.

Templeton Fork near West Finley, Pa.

Enlow Fork near West Finley, Pa.

Robinscon Fork at West Finley, Pa.

Middle Wheeling Creek near West Alexander, Pa.
Dutch Fork Creek near Claysville, Pa.

Chartiers Creek at Lagonda, Pa.

Unnamed Tributary 2B toc Chartiers Creek at Lagonda, Pa.

Unnamed Tributary 1 to Chartiers Creek at Lagonda, Pa.

Res #3, Chartiers Creek near Washington, Pa.
Buffalo Creek at Taylorstown, Pa.

Brush Run near Buffalo, Pa.

Sugarcamp Run at Frogtown, Pa.

North Fork Cross Creek at Avella, Pa.
Cro;s Creek near Hickory, Pa.

Raccoon Creek near Hickory, Pa.

Millers Run at Cecil, Pa.

Robinson Run at McDonald, Pa.

Raccoon Creek at Raccoon, Pa.

Harmon Creek near Hanlin Station, Pa.
Kings Creek near Florence, Pa.

Aunt, Clara Fork near Paris, Pa.

South Fork Tenmile Creek at Jefferson, Pa.

Wheeling Creek at Elm Grove, W. Va.

54.5
22.3
37.0
.75
13.6
22.2
52.6
11.1
20.9
12.2
8.47
27.2
51.6
13.5
20.8
38.1
14.8
10.4
13.8
3.97
.38
.90
.98
30.9
10.3
9.17
16.3

3.73
13.9

7.84
18.9
15.9

7.10
14.2

180

282

1Site 36 is in Greene County, Pennsylvania

23ite 37 is in Ohio County, West Virginia
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HYDROGEOLOGIC FRAMEWORK

Geologic Setting

The geology of Washington County includes sedimentary rocks of
Pennsylvanian and Permian age (plate 1) and alluvial deposits of Quaternary
age that occupy the valley bottoms. The oldest exposed bedrock unit, the
Glenshaw Formation, crops out in the valley bottoms in the extreme northwest
corner of the county. The youngest bedrock unit, the Greene Formation,
underlies most of southwest and south central Washington County. A geologic
cross section of the county is shown on plate 1. Washington County stradles
two structural motifs. The structure in the area is a transition between
almost parallel anticlines and synclines, the axis of which trend
northeastward, and an area on the outer limits of Allegheny deformation in
which only the incipient stages of deformation are apparent. This outer area
is characterized by short, randomly oriented axial-plane traces and domes.

The altitude of the base of the Pittsburgh coal bed, at the base of the
Pittsburgh Formation, was contoured from records of oil, gas, and coal
exploratory drilling; these contours show the orientation of the folding
(plate 2a,b). The dips of folded limbs range from less than 20 to 180 ft/mi
(feet per mile) in the central and eastern parts of the county. The base of
the Pittsburgh coal bed is lowest along the axis of the Nineveh Syncline near
the Greene and Washington County boundary and is highest at the Aunt Clara
Dome in the northwest corner of the county (plate 2a). The Pittsburgh coal
bed is easily identifiable in test borings and generally is continuous across
the county except in the northernmost part where it has eroded away.

Structural features in the northern and southern parts of the county are
.noticeably different. Southern Washington County is characterized by a
regular series of northeast trending anticlines and synclines. However, this
symmetry is broken in the northern part of the county where many of these
features terminate or abruptly change direction. For example, the Claysville
and Washington Anticlines and the Finney Syncline are truncated near the
Westland Dome. The northwestern part of the county has four domes (structural
highs) and fewer folded structures. The domes and the fold interference
patterns in the area may be the result of forces that created the west-to-east
trending Cross Creek Syncline.

Fractures are breaks that occur in rocks when stress induces mechanical

failure within a rock unit. Because movement of water through bedrock occurs
primarily through fractures, it is important to understand fracture
distribution and character. There are two basic types of fractures; joints

are near-planar surfaces along which there has been little or no movement,
while faults are breaks across rock units that have had noticeable
differential movement. Jointing is a characteristic common to bedrock in all
areas; faults are less common. Fracture orientation is usually controlled by
bedding, being either parallel or perpendicular to the layers forming a
bedrock unit.

Kohl (1980) measured the density and orientation of joints in outcrops in
parts of Washington County and several other adjacent counties and reported
that sandstones have the largest joint spacing; the average joint spacing for

14



sandstone is about 8 ft. The average joint spacing of shale and limestone is
about 5.5 and 2.5 ft, respectively. Coal beds have the smallest joint spacing
of rock types exposed in the area; their average spacing is less thanm 0.2 ft.
Joints commonly occur in sets, which have a definite trend or orientation.
The most common and best developed joint sets in bedrock in Washington County
trend N. 25 °E. and N. 65 °W. from rose diagrams by Kohl (1980).

Local stress relief of natural rock pressure in valleys causes another
fracture pattern. Wyrick and Borchers (1981) concluded that stress-relief
fractures in the Appalachian Plateau exhibit a horizontal orientation beneath
valley floors and are vertical along valley walls.

A 1.5-mi-long fault is located south of West Middletown and east of the
axis of the West Middletown Syncline (plate 2a). This fault is a possible
extention of a larger fault that extends from western Fayette County across
the Monongahela River into eastern Greene County.

Additional geologic information may be obtained from Berryhill,

Schweinfurth, and Kent (1971), Piper (1933), and Geologic Quadrangle Maps of
Washington County (authors listed in table 2).

Bedrock Formations

The stratigraphy and water-bearing properties of geologic formations are
discussed in this section. The stratigraphy includes a description of the
color, texture, thickness, and lithology of the formations.

The bedrock geologic map, generalized geologic column, and geologic cross

section shown on plate 1 complement the discussion of this section. The
thickness, relative position, and generalized lithology of the formations are
shown on the geologic column. The cross section, in plate 1, shows the

changes in extent and thickness of the formations along the trace of the
section. A brief summary of the lithology and hydrologic characteristics of
the rocks is also included on plate 1. Figure 4 presents a generalized
stratigraphic column that emphasizes the dominant lithologies and the relative
positioning of the geologic units and their nomenclature.

15



16



Pennsylvanian System

The Upper Pennsylvanian bedrock consists of the Conemaugh and Monongahela
Groups. The combined exposed thickness is 570 to 820 ft.

Conemaugh Group

The Glenshaw and Casselman Formations comprise the Conemaugh Group in
Washington County. The maximum exposed thickness of the group is 400 ft.

Glenshaw Formation.--About 150 ft of the uppermost section of the
Glenshaw Formation are exposed along stream valleys in the northwestern corner
of the county. The formation consists of sandstone, siltstone, shale,
limestone, and coal. Sandstone is bedded to massive, fine to coarse grained.
Shales commonly are variegated red and green and are argillaceous. The Ames
Limestone Member, which is the uppermost unit of the Glenshaw Formation,
consists of limestone and calcareous shale. The Ames Limestone Member is
light greenish-gray in color, is thin to medium bedded, and is typically 3 ft
thick. It contains an abundance of marine fossils including brachiopods and
crinoid stem fragments. The Harlem coal bed is found anywhere from an inch to
20 ft below the Ames Limestone Member and is as much as 24 in. thick.

Few hydrologic data are available for the Glenshaw Formation because of
its small areal extent. Reported well yields from 4 wells ranged from 1 to
110 gal/min (gallons per minute). A specific capacity of 0.52 (gal/min)/ft
(gallons per minute per foot) was reported for one well.

. Casselman Formation.--The Casselman Formation ranges in thickness from .
220 to 335 ft. The formation crops out in the northwest corner of the county,
along reaches of Chartiers and Peters Creeks, near the mouths of stream
valleys in eastern Washington County and along the Monongahela River. The
formation consists chiefly of sandstone and mudstone containing some
limestone, siltstone, and thin coal beds. The sandstone is light to dark
gray, micaceous, feldspathic, fine to coarse grained, thin and evenbedded to
massive and crossbedded. A prominent sandstone unit is the Morgantown
Sandstone Member described by Piper (1933). The siltstone in this formation
is greenish gray and thin bedded to nonbedded. The mudstone is dark gray,
gray green, and maroon, and contains siderite nodules and calcareous
concretions. The limestone is light to dark gray, argillaceous, in beds 3 in.
to 3 ft thick, and may contain fossils including fresh water ostracodes,
Spirorbis, fish remains, and small pelecypods and gastropods. The Skelley
marine zone, near the base of the formation, is the youngest marine unit in
the county. All younger units were deposited in fresh water or under
subaerial conditions on a deltaic plain.

Four coal beds of minor importance in the Casselman Formation are, in
ascending order, the Duquesne, Elk Lick, Little Clarksburg, and Little
Pittsburgh coal beds. These coals are typically of such inconsistent
thickness, areal extent, and quality that they generally have not been mined.
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Well-yield data from 15 wells indicate that the Casselman Formation had
the highest mean well yield of all the bedrock units. The mean well yield was
46 gal/min and yields were as much as 160 gal/min. Specific capacities of two
wells were 9.7 and 22 (gal/min)/ft. Three spring discharges ranged from 0.07
to 2.86 gal/min.

Monongahela Group

The Monongahela Group consists of the Pittsburgh and Uniontown Formations
and ranges in thickness from 250 to 385 ft. The Monongahela Group overlies
the Conemaugh Group and is exposed in the northern and eastern parts of the

county.

Pittsburgh Formation.--The Pittsburgh Formation is divided into five
members which in ascending order are: lower, Redstone, Fishpot, Sewickley,
and upper. The Pittsburgh Formation ranges in thickness from 205 to 290 ft
and consists chiefly of limestone, sandstone, siltstone, mudstone, and coal.

The lower member of the Pittsburgh Formation consisting of sandstone,
siltstone, limestone, mudstone, carbonaceous shale, and coal has been reported
to range in thickness from 40 to 100 ft. The basal unit of the lower member
is the Pittsburgh coal bed, which is the most prominent coal bed in
southwestern Pennsylvania. The Pittsburgh coal bed consists of two or more
benches with clay or shale partings. The lower bench or main bench, which is
the most persistent and thickest of the Pittsburgh benches, ranges in
thickness from 31 to 124 in. and has an average thickness of 66 in. A
sandstone unit, which overlies the Pittsburgh coal bed in places, generally
represents an ancient river channel deposit truncated with widespread festoon
crossbedding. Locally, the Pittsburgh coal bed is cut out by these sand-
filled channels. Mudstone and limestone overlie the Pittsburgh coal bed in
areas where sandstone is absent.

The Pittsburgh Rider coal bed of Hickok and Moyer (1940) is as much as
34 in. thick and is between 20 to 40 ft above the base of the Pittsburgh coal
bed. The sandstone unit above the Pittsburgh Rider coal bed occurs both as
sheet-like and channel-fill deposits and is related to the sandstone overlying
the Pittsburgh coal bed. The sandstone is micaceous, light gray, and fine to
medium grained. The mudstone in the lower member is dark gray and contains
thin beds of siltstone and sandstone. The limestone is light to dark gray in
color. The carbonaceous shale is black, micaceous, and grades laterally into

mudstone.

The Redstone Member consists chiefly of limestone, with some mudstone,
carbonaceous shale, siltstone, sandstone, and coal, and ranges in thickness
from 20 to 70 ft. The basal unit, the Redstone coal bed, is composed mostly
of carbonaceous shale and thin coal stringers. The coal bed, which may be as
much as 60 in. thick, commonly is less than 12 in. thick. The Redstone coal
bed is present only in the northeast corner of the county and has a very
definite boundary (Skema, 1987). The "Redstone Member is separable from
underlying member only where Redstone coal bed (or horizon) is present"
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(Schweinfurth, 1967). Because the Redstone coal horizon is missing in parts
of the county, the Pittsburgh Rider coal has been sometimes misidentified as
the Redstone coal bed. As a result, the lower member has been erroneously
reported to be as thin as 40 ft (V.W. Skema, Pennsylvania Topographic and
Geologic Survey, written commun., 1988). The mudstone is dark gray and may be
calcareous. Siltstone may contain siderite and limestone nodules. The
limestone i1s olive-gray, microcrystalline, and argillaceous. :

The Fishpot Member is the thinnest member of the Pittsburgh Formation.
The member is as much as 40 ft thick and contains siltstone, sandstone,
mudstone, carbonaceous shale, and coal. The basal unit, where present, is a
carbonaceous shale equivalent to the Fishpot coal bed of Greene County and is
as much as 36 in. thick. The siltstone is usually light to dark gray and.
occasionally black. It is characteristically very thinly bedded and locally
has abundant macerated plant debris on bedding planes (Schweinfurth, 1967).
The sandstone in this unit is light gray, very fine to medium grained,
micaceous, and thin to thick bedded. The mudstone in this unit is light to
dark gray, laminated, and may contain siderite nodules.

The Sewickley Member ranges in thickness from 40 to 65 ft and consists
chiefly of limestone, with minor amounts of sandstone, claystone, carbonaceous
shale, and coal. The limestone sequence that comprises most of the Sewickley
Member is called the Benwood Limestone Bed by Campbell (1903). The limestone
is light to dark gray, microcrystalline to finely crystalline, and very

argillaceous. That part of the limestone that is a sedimentary breccia
weathers to a characteristic hackly cleavage. Limestone beds are as much as
3 ft thick and are interbedded with thin claystone beds. Fossils in the

limestone include fresh water ostracodes, Spirorbis, fish remains, small
gastropods, and fresh water pelecypods. The claystone interbeds are greenish
gray, partly calcareous, and bedded to nonbedded. Locally, the middle of the
member contains a calcareous claystone and mudstone facies of the limestone
that attains a maximum thickness of 20 ft. The basal part of the Sewickley
Member generally is composed of several feet of calcareous claystone and
carbonaceous shale. The Sewickley coal bed is either absent or thin with many
impurities throughout Washington County. The maximum thickness of the coal is
approximately 2 ft.

The upper member of the Pittsburgh Formation consists chiefly of
limestone, siltstone, sandstone, and mudstone, and ranges in thickness from 50
to 90 ft. The upper member generally is divided into four more less
persistent units of argillaceous limestone. These units are light to dark
gray, microcrystalline to finely crystalline, and range in thickness from 2 to
15 ft. Individual limestone beds in these units are several in. to 3 ft thick
and separated by thin greenish-gray claystone interbeds. A few beds are
laminated, suggesting algal structure. Fossils include fresh water
ostracodes, Spirorbis, fish remains, and small pelecypods and gastropods.
Beds of greenish-gray shales, siltstone, and mudstone, 1 to 15 ft thick,
commonly separate the limestone units. A dark greenish-gray, fine-grained,
micaceous sandstone, which locally is massive and crossbedded, sometimes
separates or replaces the limestone sequences.
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The Pittsburgh Formation has the lowest mean well yield of all the
bedrock formations. The mean reported yield from 49 wells is 8.8 gal/min and
yields range from 0.33 to 50 gal/min. The specific capacity of one well was
0.04 (gal/min)/ft. Yields from nine springs ranged from 0.25 to 40 gal/min.

Uniontown Formation.--The Uniontown Formation consists of a lower and
upper member and ranges in thickness from 45 to 95 ft. The formation consists
chiefly of sandstone, siltstone, mudstone, limestone, and coal.

Sandstone, siltstone, limestone, mudstone, carbonaceous shale, and coal
form the lower member, which ranges in thickness from 15 to 75 ft. The basal
unit is the Uniontown coal bed where present. The coal bed commonly is less
than 12 in. thick. The Uniontown cocal bed is impure and may be represented by
black carbonaceous shale. A light-gray, fine-grained sandstone unit sometimes
overlies the Uniontown coal bed. The upper part of the member generally
consists of very finely crystalline, olive-gray to medium-dark gray
argillaceous limestone containing small chert nodules locally.

The upper member ranges in thickness from 5 to 40 ft and consists chiefly
of sandstone, siltstone, limestone, mudstone, and coal. The basal unit is the
Little Waynesburg coal bed, a thin impure coal bed that commonly is
represented by a grayish-black carbonaceous shale. The sandstone is light to
medium gray and very fine grained; it grades laterally into siltstone and
mudstone. ‘ '

The mean reported well yield from 26 wells in the Uniontown Formation is
15 gal/min but reported well yields are as much as 75 gal/min. Specific
capacities of two wells were reported as 0.08 and 0.24 (gal/min)/ft. Yields
of four springs ranged from 0.58 to 5.0 gal/min.

Pennsylvanian and Permian Systems

Dunkard Group

The Dunkard Group includes the Waynesburg Formation of Late Pennsylvanian
and Early Permian age and the Washington and Greene Formations of Early
Permian age. In Washington County, the Dunkard Group has a maximum thickness
of appproximately 900 ft. These rocks subtly change upward from more
persistent coal-bearing rocks that resemble the strata of the Monongahela
Group to the finer grained highly lenticular strata of the Greene Formation,
which contains only thin lenses of impure coal (Berryhill, Schweinfurth, and
Kent, 1971).

Waynesburg Formation.--The Waynesburg Formation is divided into three
members: lower, middle, and upper. The thickness of the formation ranges
from 80 to 180 ft.

The lower member of the Waynesburg Formation consists chiefly of
sandstone, limestone, siltstone, mudstone, and coal, and ranges in thickness
from 40 to 90 ft. The Waynesburg coal bed, present in most of the county, is
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the basal unit of the lower member and is as much as 100 in. thick.
Throughout most of the eastern half of the county, the coal bed is of minable
thickness and commonly has two benches with a distinctive clay parting, which
is generally 12 in. thick. 1In the western half of the county, the coal
generally is thinner, less persistent, and confined to one bench. A light-
gray, fine- to coarse-grained, sometimes massive sandstone unit above the
Waynesburg coal bed is the Waynesburg Sandstone (member). The sandstone is
sheetlike, has tabular (foreset) and festoon crossbedding, and locally grades
laterally and vertically to siltstone and shale. The sandstone is developed
best in the eastern half of the county and may be as much as 65 ft thick. The
limestone in the lower member is medium gray, fine grained, argillaceous, and
as much as 8 ft thick. Two limestone units commonly are found in the lower
member; one is at the top of the member, and the other is in the middle. The
mudstone is, light to dark gray, and micaceous and locally is calcareous.

The middle member consists mostly of mudstone, with some interbedded
limestone, sandstone, siltstone, carbonaceous shale, and cocal, and is as much
as 90 ft thick. Two poorly developed coal horizons are present. These are
found at the base and near the top of the member. The Waynesburg 'A’ coal bed
‘is the basal unit of the middle member. The coal bed, when not represented by
calcareous shale, typically is less than 24 in. thick and may have numerous
clay partings. The coal bed is impure and may be represented by carbonaceous
shale. The mudstone is light to dark gray and locally calcareous. The
sandstone is light gray, very fine to fine grained, micaceous, crossbedded,
and generally grades laterally and vertically to siltstone and mudstone. The
siltstone is light to medium gray, micaceous, and locally is ripple bedded.
The limestone is olive to dark gray, microcrystalline to finely crystalline,
argillaceous, and thin to thick bedded. A thin, nonpersistent coal bed near
“the top of the member tentatively identified as the Waynesburg 'B’ coal bed
has been reported in many parts.of the county. The coal bed is impure and
less than 12 in. thick and may be represented by carbonaceous shale. It
appears to always be overlain by clastic rocks and probably is a lower split
of the overlying Little Washington and Washington coal complex (V.W. Skema,
Pennsylvania Topographic and Geologic Survey, written commun., 1988).

The upper member of the Waynesburg Formation is separated from the middle
member by the Little Washington ccal bed. The upper member is as much as
25 ft thick and consists of sandstone, siltstone, mudstone, and carbonaceous
shale. The basal Little Washington coal bed, where present, is typically thin
and may be represented by grayish-black, carbonaceous shale.

The mean reported yield of wells tapping the Waynesburg Formation is
10 gal/min. The reported yields of 30 wells range from 0.5 to 60 gal/min.
The specific capacities ranged from 0.18 to 2.8 (gal/min)/ft. Yields from 16
springs ranged from 1.0 to 18.4 gal/min.
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Permian System

Dunkard Group

Washington Formation.--Cyclic sequences of sandstone, shale, limestone,
and coal comprise the Washington Formation. The base is at the bottom of the
Washington coal bed and the Formation thickness ranges from 140 to 235 ft.
The Formation is subdivided into a lower limestone member, a middle member,
and an upper limestone member. The distinguishing feature of this Formation
is the abundance of limestone, especially in the western part of the county
where it is the predominant lithology.

The lower limestone member consists of limestone, claystone, siltstone,
sandstone, carbonaceous shale, and coal, and ranges in thickness from 15 to
40 ft. The Washington coal bed, the basal unit, is as much as 144 in. thick
but is generally 24 to 48 in. thick. The coal bed is impure and often split
into a sequence of thin coals. Locally, it is absent and is represented by
carbonaceous shales. The limestone is light to dark gray and argillaceous and
commonly is found in beds as much as 3 ft thick separated by clay, claystone,
or carbonaceous shale beds. Fossils include fresh water ostracodes,
Spirorbis, fish remains, and small gastropods. Tongues of sandstone and
siltstone locally may represent the entire member.

The middle member may be as much as 155 ft thick and consists chiefly of
limestone, sandstone, siltstone, mudstone, and coal. The limestone is light
to dark gray and argillaceous; it has bedding thickness from a few inches to
as much as 3 ft. Sandstone in this member is light gray, fine to medium
grained, micaceous, and locally is crossbedded. Mudstone in this member is
dark gray, poorly bedded, and locally contains small siderite nodules. The
middle member has several impure, thin coal beds, the most persistent coal bed
being the Jollytown coal bed of Stevenson (1876). The Jollytown coal bed is
an impure coal, usually less than 12 in. thick and may be represented as
carbonaceous shale. The coal bed lies about 25 ft below the top of the middle

member.

The upper limestone member commonly has two beds of limestone separated
by beds of sandstone, siltstone, or mudstone. The limestone is light to dark
gray, fine grained, and contains fossils. The upper limestone member has a
relatively high calcium carbonate content and may be as much as 50 ft thick.

The mean reported yield of 39 wells is 9.6 gal/min; the yields range from
0.5 to 50 gal/min. Specific capacities for six wells ranged from 0.03 to
3.3 (gal/min)/ft. Measured discharges from six springs ranged from 0.18 to
7.0 gal/min.

Greene Formation.--The Greene Formation overlies most of the southwestern
part of the county except for valley bottoms where the Washington Formation
crops out. The Greene Formation has a maximum thickness of more than 500 ft
and consists chiefly of sandstone, siltstone, mudstone, and thin units of
limestone, clay, carbonaceous shale, and coal. The rock types generally
repeat vertically into a crude cyclic sequence. The cyclic sequence in
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ascending order is coal, carbonaceous shale, sandstone, siltstone, mudstone,
limestone, and clay. Coal beds are thin, impure, and lenticular.
Carbonaceous shale contains abundant coalified plant stems and logs, fish
remains, and fresh water ostracodes. The sandstone is light gray, micaceous,
friable, and fine to medium grained. Bedding is thin to massive and locally
crossbedded. The siltstone is micaceous and generally planar with local small
scale cross-laminations and current ripples. The siltstone locally contains
ironstone and limestone nodules and may occur both above and below sandstone

units. Siltstone is the most abundant rock in the Greene Formation. The
mudstone in this formation is medium to dark gray and poorly bedded; it
commonly underlies limestone units and overlies carbonaceous units. The

limestone in this formation is light to dark gray, argillaceous, fine grained,
and thin bedded. Fossils include fresh water ostracodes, fish remains, and
small pelecypods and gastropods. The clay in this formation is light to
medium gray and generally shaly; it may be as much as 1 ft thick beneath
carbonaceous units and between limestone beds. The Tenmile coal bed of Clapp
(1907) is a thin, impure coal, usually found 20 to 25 ft above the base of the
formation. The Sparta coal bed of Griswald and Munn (1907) and the Nineveh
coal bed are thin, impure, and lenticular and are about 80 and 310 ft above
the base of the formation, respectively. The Prosperity Limestone Member of
Griswald and Munn (1907) is a persistent unit, found about 100 to 115 ft above
the base of the formation, and generally is a sequence of argillaceous
limestone beds and mudstone as much as 9 ft thick.

The mean reported yield of 13 wells tapping the Greene Formation is
11 gal/min and the yields ranged from 2 to 35 gal/min. Yields from nine
springs ranged from 0.2 to 39.9 gal/min.

Unconsolidated Deposits

Quaternary System

The Quaternary System contains both Pleistocene and Holocene deposits.
These deposits rest unconformably above the previously described bedrock
units. Pleistocene deposits are typically O to 90 ft thick. Holocene
alluvium deposits are about 10 to 15 ft thick.

Pleistocene Series

Carmichaels Formation.--The Carmichaels Formation generally is
unconsolidated and poorly sorted alluvium, which consists of mixed clay, silt,
and sand containing rounded pebbles, cobbles, and boulders. Boulders may be
as much as 4 ft in diameter and generally are concentrated at the base of the
unit. Pure clay and sand lenses are scattered throughout the unit and locally
small limonite nodules are abundant. The Carmichaels Formation generally is
found in the eastern part of the county along the lower parts of the
tributaries to the Monongahela River and along the Monongahela River. In this
area, the base of the deposit is about 170 ft above the present Monongahela
River level or at an altitude of about 910 ft. The deposits also are found
along reaches of Raccoon and Chartiers Creek in northern Washington County.
The Carmichaels Formation may be as much as 150 ft thick (Schweinfurth, 1967).
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Because of limited areal extent and the small number of wells completed
in the Carmichaels Formation, well yield, specific capacity, and water quality
data were not available. Low well yields, probably less than 5 gal/min, would
be expected from this formation because of the heterogeneous composition.

Holocene Series

The Holocene Series consists of alluvial deposits and are typically 10 to
15 ft thick.

Alluvium. --The alluvium consists of clay, silt, sand, gravel, and cobbles
in and adjacent to streams. The material is derived mostly from local bedrock
and may be as much as 63 ft thick (Newport, 1973).

The reported well yields for the alluvial aquifer are the highest of all
the aquifers. The mean reported well yield from four wells is 194 gal/min and
the yields ranged from 100 to 350 gal/min. The high yield wells are adjacent
to the Monongahela River. The specific capacities of two wells were 1.6 and
5.1 (gal/min)/ft.
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HYDROLOGIC SETTING

Water enters Washington County as precipitation. A small percentage of
the water is held as soil moisture and stored in ponds and reservoirs, and the
rest leaves as water vapor to the atmosphere, or as streamflow, which includes
ground-water -discharge. The ground water discharges to perennial streams
within the county and adjacent counties. The hydrologic system is thus
composed of dynamically related parts, and the quantities of water that are
present in and move through each part of the hydrologic system place natural
limits on the development and management of the water resources. Neither the
ground-water nor surface-water part of the system can be developed without

affecting the other.

Precipitation

The average annual precipitation for 37 years of record (1949-85) at
Burgettstown (fig. 1) in northern Washington County was 40.18 in. (U.S.

Department of Commerce). The cumulative departure of annual precipitation
from the average at this site illustrates recent variations in the
availability of water in the study area (fig. 5). The graph shows a steady

decline in the cumulative precipitation from 1962-71. Figure 6 is a bar graph
of annual precipitation at Burgettstown that also shows precipitation was
~considerably below normal during that peried (1962-71), indicating a period of
‘drought. Deficiencies for that period ranged from 1.5 to 36.0 percent of the
37-year average annual precipitation. In the 3-year study period,
precipitation at this site was above average in 1983 and below average in 1984
and 1985 (fig. 6). Precipitation differed considerably between the U.S.
Weather Service rain gage at Burgettstown in northern Washington County and
the project rain gages in the Brush Run, Daniels Run, and Enlow Fork basins
(fig. 1), located in the west-central, the southeastern, and the southwestern
parts of the county, respectively. Table 4 shows measured annual
precipitation for the four sites. Precipitation was consistently greater at
Burgettstown than at the other three sites.

Precipitation varies somewhat with the seasons; the highest rainfall is

in spring and summer (fig. 7). July has the highest average monthly
precipitation, which is caused by intense thunderstorms of short duration.
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GROUND-WATER SYSTEM
Occurrence

Ground water is the subsurface water in the zone of saturation--the zone
in which all voids in the subsurface material are filled with water. The
surface of this zone is the water table. An aquifer is a formation, group of
formations, or part of a formation that contains sufficient saturated
permeable material to yield useable quantities of water to wells and springs.

Aquifer is used in this report in strictly the general sense. A formation
name associated with the term aquifer is not meant to imply the formation is
part of a formal aquifer name. A bedrock aquifer normally has several

discrete water-bearing zones that supply much of the ground water to the well.
Normally, a single water-bearing zone is not capable of providing enough water
to a well for both domestic and livestock uses combined in this region.

The permeability of an aquifer is a measure of the relative ease with
which the aquifer can transmit water. Connective openings within an aquifer
can be formed at the time of material deposition (primary permeability--water
between grains of sand) or after solidification of the aquifer material
(secondary permeability--fracturing of rock). The size and the degree of
interconnection of these openings control the permeability of the aquifer.
Unconsolidated sand and gravel deposits normally have relatively large and
well connected pore spaces, and therefore have a high primary permeability.
In contrast, water movement in bedrock is largely controlled by secondary
permeability created by fracture openings both parallel and perpendicular to
bedding planes.

The primary permeability in most sandstone and siltstone aquifers is
largely reduced by calcareous and siliceous cement in the pore spaces.
However, because of the presence of fractures, the sandstone units are known
to be major ground-water producers and have supplied sufficient water for
domestic and stock uses (Kent, Schweinfurth, and Roen, 1969, p. 12).
Limestone, coal, and shale have less primary permeability than siltstone, but
limestones may be exceptionally permeable near the land surface where slightly
acidic recharge water forms cavities by dissolving the limestone. According
to Stoner and others (1987), sandstone and coal beds in Greene County have the
greatest secondary permeability because fractures in the other types of rocks
may be filled with clay, which would reduce the water-transmitting
characteristics. Water-bearing zones commonly are found at the contact
between different lithologic units because of horizontal fracture openings
along the contact and the lower permeability of the underlying confining unit.

Stress-relief fracturing (Wyrick and Borchers, 1981) is thought to be the
dominant cause of secondary permeability in aquifers. Stress-relief fractures
(horizontal and vertical) result from the removal of compressional stress on
underlying rocks by the erosion of overlying rocks. Valleys are formed by
extensive erosion of the bedrock, which results in a high number of horizontal
stress-relief fractures in valley aquifers, whereas hilltop and hillside
topographic settings generally contain vertical stress-relief fractures. The
number of fractures is thought to decrease in two directions: from wvalley to
hilltops and with increasing depth. Furthermore, in the deep aquifer systems,
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the reduction in number and size 6f vertical fractures causes ground water to
flow dominantly along bedding-plane fractures from recharge areas to discharge
areas.

Water-bearing zones reported by drillers in the study area are generally
no deeper than 150 ft from land surface. Furthermore, the computer flow model
(Appendix A) shows that more than 90 percent of the total ground-water
recharge remains within 150 ft of the land surface. Ground-water flow in this
shallow aquifer system generally follows topography, moving from the recharge
areas near hilltops to discharge areas in wvalleys.

Water commonly enters wells through fracture openings oriented along
bedding planes. Figure 8 shows examples of graphic and geophysical logs from
a well with three distinct water-bearing zones within the Waynesburg
Formation. The water-bearing zones in figure 8 are located at bedding plane
openings between different rock types; limestone and sandstone, shale and
sandstone, and ccal and shale. The discrete water-bearing units tapped by the
well include two sandstone layers and a coal bed. During drilling,
observations of water were noted at depths of 31.5, 53, and 96 ft. The
caliper log confirmed fractures in the rock at these depths.
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Figure 8.--Geophysical logs and water-bearing zones in a well tapping the
Waynesburg Formation. (Modified from Stoner and others, 1987.)
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Availability

Information on the availability of ground water is given in the
hydrologic properties column on plate 1 and in the well and spring tables
(Appendixes C and D). The data in Appendixes C and D were obtained from
several sources including water-well completion reports from drillers, field
measurements, and previous studies. Location of the wells and springs in
Appendixes C and D are found on plates 3A and 3B.

Well depth, reported yield, water level, and specific-capacity data from
the well inventory and previous reports are summarized statistically in
table 5. Well yields and specific capacities generally are based on drillers’
records. Specific capacity (SC) decreases with increased pumping rates and
time in low permeability aquifers. Therefore, a well pumped at 5 gal/min,
with 10 ft of drawdown, [SC=0.5 (gal/min)/ft] will not necessarily discharge
10 gal/min with a 20-ft drawdown.

The five principal water-bearing units tapped for ground-water supplies
in Washington County are in the Greene, Washington, Waynesburg, Uniontown, and
Pittsburgh Formations. The mean values of reported yields for the five
formations range from 8.8 to 15 gal/min. The 1l-gal/min mean of reported
yields for the Greene Formation may be high because of the small sampling size
and several wells with high reported yields.

The alluvial aquifers and the aquifers in the Casselman and Glenshaw
Formation have the largest mean reported yields, however, they also have the
smallest areal extent. The highest mean reported yield was 194 gal/min for
the alluvial aquifer. The Casselman Formation had the highest mean reported
yield of the bedrock aquifers (46 gal/min).

"Water levels in wells of the same depth and construction will vary
because of topographic setting and head in the water-bearing zones. Water
levels in wells generally are shallow in valleys and become deeper with
increasing elevation to hilltops. The mean of measured water levels and mean
depth of wells located in upland draws, valleys, hillsides, and hilltops are
as follows:

Mean depth to Mean well depth
water level (feet Number (feet below Number
below land surface) of wells land surface) of wells
Upland draw 21 ' 11 104 13
Valley 22 58 88 97
Hillside 42 201 102 345
Hilltop 62 94 114 185
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Table 5.--Summary of well depths, reported‘}ields, water levels, and specific capacities by aquifer

[F, flowing; --, no data available; gal/min, gallon per minute; (gal/min)/ft, gallons per minute per foot]
Well depth Reported Water level (feet Specific capacity
{(fent) yield (gal/min) below land surfacae) (gal/min)/ft
Number Number Number Number
of of of of

Aquifer wells Mean Range wells Mean Range wells Mean Range wells Mean Range
Alluvium 4 40 7- 63 4 194 100-350 4 8 3- 14 2 - 1.6-5.1
Greene

Formation 66 81 15-204 13 11 2- 35 38 33 5- 90 - - --
Washington

Formation 114 107 19-310 39 9.6 .5- 50 62 52 8- 38 6 1.2 .03-3.3
Waynesburg

Formaticn 148 99 15-310 30 10 .5- 60 93 43 3-170 4 1.6 .18-2.8
Uniontown

Formation 137 101 15-285 26 15 1- 75 73 38 F-170 2 -- .08-.24
Pittsburgh

Formation 140 114 18-250 49 8.8 .33- 50 79 47 F-170 1 - .04
Casselman

Formation 25 139 44-438 15 46 2-160 13 57 F-150 2 - 9.7-22
Glenshaw

Formation [ 112 60-165 4 33 1-110 2 -- 33- 55 1 -- .52

Water-Level Fluctuations

Water levels were recorded continuously at selected wells located on

plates 4A and 4B to improve the understanding of aquifer response to recharge
and discharge. Private wells and several drilled observation wells in
adjacent Greene County also were used to aid in understanding. Each well was
tested to ensure that the well had a good hydraulic connection with the
aquifer. Water-level data for observation wells are published in the annual
report "Water Resources Data, Pennsylvania, Volume 3," for 1984 and 1985 (U.S.
Geological Survey, 1984, 1985).

Short Term

Water levels in wells respond not only to changes in the recharge and
discharge rates of the aquifer, but also to some external forces such as
barometric pressure.

Daily water levels and precipitation from December 1984 to May 1985 are
compared for various topographic settings in figure 9. Well depths ranged
from 74 ft for well WS-182 to 218 ft for well GR-803. Plate 4B shows the
locations of these wells. Water-level fluctuations differ significantly from
hilltop to valley topographic settings. Hilltop wells WS-271 (depth 176 ft)
and WS-277 (depth 126 ft) and upland draw well WS-265 (depth 99 ft) had the
largest water-level fluctuations. The water levels in hilltop well WS-277
fluctuated more than 40 ft. In contrast, the water levels in valley well
GR-803, tapping a confined aquifer, fluctuated less than 1-1/2 ft (fig. 9).
Intermediate water-level fluctuations are represented by well WS-182, which is
on a hillside.
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The water-level fluctuations in hilltop well WS-271 are different than
fluctuations in hilltop well WS-277 even though they are within 2 mi of each
other (plate 4A). The responses (rounded peaks) of well WS-271 to recharge
are slower and smaller than the responses (pointed peaks) of well WS-277 (fig.
9). Well WS-271 taps a confined aquifer that has a hydraulic conductivity one
order of magnitude larger than the aquifer tapped by well WS-277. Well WS-277
taps an unconfined aquifer, has a smaller hydraulic conductivity than well
WS-271, and responds more readily to recharge. Well WS-277 receives recharge
directly from percolation of rain water. 1In addition, because the aquifer
tapped by well WS-277 has a smaller hydraulic conductivity and probably a
lower storage coefficient than the aquifer tapped by well WS-271, its water
levels rise faster and higher for a small amount of recharge.
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Figure 9.--Relation of water levels in wells to daily precipitation
and topographic position for December 1984 through May 1985.
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Seasonal and Long Term

The factors causing seasonal water-level fluctuations include
precipitation, evaporation, and transpiration. Water levels are generally the
lowest in September and October, and highest in December, March, and April.
Anniual water-level fluctuations usually range from less than 3 ft beneath a
-valley to about 13 ft beneath an upland draw.

Water-level data show the effects of evapotranspiration. During late
summer and early fall, water levels generally are the lowest. The evaporation
of surface water and the transpiration by plants usually are highest during
this period, and potential recharge to the aquifers by precipitation is
reduced. During the winter and spring, the water levels tend to recover.
because of recharge from snowmelt and rainfall, when evaporation and
transpiration are at a minimum. '

Water levels were measured continuously from 1971-85 in well WS-155
(plate 4B). Mean monthly water levels based on daily low levels are shown in
figure 10. Daily low levels averaged for each month closely approximate the
actual monthly mean because daily water-level fluctuations commonly are less
than 0.3 ft in well WS-155. Water levels rose from 1971 to the early part of
1975, had relatively little change from 1975 to the middle of 1981, and then
gradually declined from 1981 to September 1985. The general water-level trend
in well WS-155 only partially correlates with the precipitation trend at the
Burgettstown precipitation station (fig. 10) because the well is artesian and
because of differences in-precipitation patterns and the distance (about
22 mi) between the station and the well.
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to water in well WS-155, 1971-85.

34



Aquifer Characteristics

Determination of the hydraulic characteristics of the aquifer systems is
necessary for the design of water supplies for municipalities and for the
design and construction of a computer ground-water flow model. These
characteristics, or properties, include transmissivity, hydraulic conductivity
(or permeability), and storage coefficient for confined aquifers, which are
determined by well-testing methods. With these characteristics, the effects
of human-induced stresses on aquifer systems can be estimated. For example,
estimates can be made of water-level declines in aquifers caused by pumping at
wells and pumping of mine inflow (surface and underground).

Ideally, aquifer testing requires a pumped well and one or more
observation wells that are within the zone affected by the pumping stress on
the aquifer. However, with bedrock wells, single well testing is common. The
analysis of the drawdown versus time data utilized in this report include the
techniques of Theis (1935), Cooper and Jacob (1946), and Papadopulos and
Cooper (1967). The results of the single-well tests are greatly influenced by
aquifer conditions adjacent to the well. Therefore, the results from the
single-well tests are not as reliable, nor as representative, as those from
aquifer tests employing observation wells at some distance from the pumping
well.

In Greene and Washington Counties, secondary permeability is the dominant
component of aquifer permeability and 1is related to the number, size, and
extent of interconnected fractures within the aquifers. Primary permeability
is related to the formation of the basic rock type (lithology) prior to any
bending and breaking of the rock mass. The ranking of hydraulic conductivity
from highest to lowest among bedrock water-bearing units .is: (1) coal bed,
(2) sandstone, (3) siltstone and shale, and (4) limestone. Coal beds commonly
have the greatest density of fractures, while sandstone has the highest
primary permeability. Most of the permeability of siltstone and shale is
‘attributed to fractures, which commonly are filled with clay. Limestone has-
the lowest relative permeability because of high density and clay content.
The depth of the aquifer and the topographic position of the well also affect
the average conductivity. Stoner and others (1987) reported that the
hydraulic conductivity decreases one order of magnitude for every 100 ft of
depth and that well sites in valleys have the largest hydraulic
conductivities, while well sites on hilltops have the smallest. Wyrick and
Borchers (1981) speculate that stress-relief fracturing is responsible for the
changes in hydraulic conductivity for wells in different topographic
positions.

The hydrogeology of Washington County is similar to that of adjacent
Greene County, which was investigated by Stoner (1983) and by Stoner and
others (1987). 1In the fractured sedimentary rock aquifers in Greene County,
aquifer-testing methods determined that average hydraulic conductivities range
from 2.4 x 10-6 to 50 ft/d (feet per day). Storage coefficients from aquifer
tests range from 0.6 X 10-& to 8 x 10-4.
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For Washington County, the drawdown plots for aquifer tests are presented
in Appendik H and the resulting aquifer characteristics are presented in
table 6. The average hydraulic conductivity of the bedrock determined by
aquifer tests ranges from 0.003 to 1.2 ft/d. Hydraulic conductivity was
determined by dividing the calculated transmissivity by the thickness of the
aquifer tested at the well. The median specific capacity of the bedrock wells
tested 1is 0.10 (gal/min)/ft of drawdown, and individual specific capacity
.values lie within the range of values for the formations listed in table 5.
These test results fall within the range of aquifer characteristics reported

for Greene County.

The results of an aquifer test with an observation well are' shown in
table 6. The wells tested penetrate the lower 105 ft of the Waynesburg .
Formation and the upper 14 ft of the Uniontown Formation. The wells are in
the Enlow Fork Valley of northern Greene County, immediately adjacent to the
southern border of Washington County (plate 4B). The storage coefficient of
the aquifer test is reported by Stoner and others (1987) in the section titled

Burdette Test Site.

Aquifer-test. data indicate that the alluvial aquifer tapped by well
GR-804 (plate 4B) had the highest hydraulic conductivity (table 6). - The
alluvial aquifer is composed mostly of silt and clay. However, a gravel layer
of high permeability with a thickness of less than 1 ft is the probable cause
for the high hydraulic conductivity value for the well.
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Table 6.--Summary of aquifer-test data and results

{gal/min, gallons per minute; ftz/d, square feet
per day; ft/d, feet per day; =--, no datal

Depth of Average Total

interval Pumping Duration of Trans- hydraulic draw-
Well Geologic tested rate pumping missivity conductivity down Method of
number  formation Date (feet)l  (gal/min)  (hours) (££2/d) (£t/d) (feet) analysis?

Aquifer test with pumped well only

WS-155 Washington 07-01-71 39-140 2.0 1.5 1.0 0.01 17.0 C&J, "' 46
(2.6) 15 .15 -- T Recovery
WS-155 Washington 08-23-83 39-140 4.6 2.0 18 .18 60.8 C&J, '46
WS-181 Waynesburg 08-19-83 40- 92 2.0 1.3 65 1.2 1.4 C&J, 46
WS-182 Waynesburg 08-26-83 25- 75 3.2 2.8 35 .7 10.1 P&C, ' 67
31 .6 -- C&J, "46
WS-205 Waynesburg 08-24-83 15- 91 ‘ 2.0 1.5 19 .25 11.6 C&J, "46
24 .32 - P&C, 67
WS-265 Uniontown 07-12-83 22- 99 4.4 1.0 3 .04 51.2 P&C,'67
4 .05 -- C&J, 46
WS-271 Nashinéton 12-05-84 46-176 17.5 .43 18 .14 23 T Recovery
WS-277 Pittsburgh 07-13-83 83-125 1.4 .48 1 .02 36.2 C&J, " 46
08-19-83 77-125 2.4 .71 2 .04 35.0 C&J, '46
WS-322 Washington 05-03-84 22-125 2.3 1.7 .7 .007 74.7 C&J, 46
(3.7) L4 .003 - T Recovery
GR-8043 Alluvium 09-29-80 5- 14 4.4 6.5 160 - 18 3.5 C&J, " 46
159 18 i T Recovery
Average Total
Pumping Duration of Trans- hydraulic draw-
Well Geologic rate pumping missivity conductivity Storage down Method of
number formation Date - (gal/min) (hours) (ftzld) (ft/d) coefficient (fest) analysisz

Agquifer test with observation well

GR-802° Waynesburg  09-30-80 12 5.2 84 0.6 -- 6.6  C&J,'46
07-29-81 23.7 15.9 130 1.0 - 26.5  Theis
57 4 26.5  CaJ, ‘46
(25.6) 81 .6 - T Recovery
GR-803° Waynesburg 09-30-80 -- -- 120 1.0 1.7 x 1074 5.4 Theis
, 81 6 - s 6.6  C&J,'46
07-29-81 -- - 330 2.6 9.0 x 10 18.6  Theis
68 1.9 - - T Recovery

1Depth below land surface.
2C&J,'46, Cooper and Jacob, 1946; T Recovery, (Theis Recovery) Theis, 1935; P&C, ‘67, Papadopulos and

Cooper,1967; Theis, Theils, 1935,
3pata from Stoner and others, 1987,
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Flow
Local

Rainfall and snowmelt percolate through the soil zone and enter the local
aquifer system at the water table. Water will flow along paths of least
resistance towards areas of lower head. Flow generally parallels topography
moving downward from hilltops to valleys. Occasionally, an impermeable layer
or bedding separation will divert water laterally to discharge as a hillside
spring or seep. In upland draws and valleys where the head is lower, water
will flow laterally or upward to streams where the ground water is discharged.
In general, the local flow system is confined to a zone within 150 ft of the
land surface.

Regional

Local flow systems lose some of their water to the underlying regional
flow system by slow downward vertical leakage. Regional flow is predominantly
lateral toward major valleys. Velocity in the regional system is very low in
comparison to that of the local flow system. Discharge from the regional
aquifer system is by upward leakage beneath major valleys such as the
Monongahela and Ohio River Valleys.

Briny water [water with greater than 35,000 mg/L (milligrams per liter)
dissolved solids] is first encountered at depths of 900 to 1,200 ft below land
surface according to oil and gas well drilling records. The top of this
saline water marks the base of the fresh water (less than 1,000 mg/L dissolved
solids) flow system.

Flow Model and Results of Simulations

A three-dimensional computer flow model of the unmined Brush Run basin
was constructed to improve understanding of premining ground-water flow and
hydrologic conditions in the county. Depth and quantity of ground-water flow,
the sensitivity of variations in certain hydrologic parameters, and hydrologic
boundaries were evaluated. Details of the model are available in Appendix A.

The flow model produces a simulated flow system by solving a series of
equations containing known hydrologic factors and estimates of poorly known
factors. The model is calibrated by comparing the output of the simulated
flow system with the known hydrologic data of the real flow system (such as
head, mine inflow, or stream discharge). Input parameters to the model (such
as vertical and horizontal hydraulic conductivity) are then adjusted until a
reasonably close match of model derived values and observed data is achieved.
The calibrated model is used to improve understanding of the real flow system.

The calibrated model is known as the "hypothetical unmined-basin model"
because of the limited amount of hydrologic data, the variability within the
data, and because few data describing the lower aquifers of the model were
collected during the study. If more data were available, a better model
calibration would have been possible, and a more reliable model would have

been produced.
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Conclusions from the flow model indicate that approximately 95 percent of
the total ground-water recharge is in the upper 80 to 110 ft of bedrock (layer
1 of the model), and that the regional flow system (greater than 250 ft deep,
represented by layers 3 and 4 of the model) probably removes less than
0.1 percent of the total ground-water recharge from the basin.

The water-level data collected for the project show that the heads in the
aquifers within a basin generally follow the topography, but are subdued. The
model shows that the relief of the head decreases with depth. Heads decrease
downdip along geologic structure (when ground water moves from areas of
recharge to discharge in the regional aquifers).

Data defining the hydrologic properties of the deep aquifer systems are
meager. The model shows that the properties of the deep aquifers can vary
substantially but have no effect on the shallow aquifers that supply water to
almost all domestic wells.

The shallow aquifer system is most sensitive to changes of hydrologic
factors within that system. The amount of ground-water recharge, and the
impediment of ground water to discharge into streams by-alluvium or vertical
anisotropy within the aquifer may cause head fluctuations of up to 30 ft or
more.

Vertical gradients may provide clues to the hydrologic nature of the deep
aquifer system. If the amount of ground-water recharge remains about the
same, and if the shallow aquifer is cased off in the well, a gentle downward .
vertical gradient on deep hilltop and hillside wells may be indicative of deep
aquifers with higher vertical hydraulic conductivity. A steep downward
vertical gradient under the same conditions may indicate deep aquifers with
low vertical hydraulic conductivity. A very small upward gradient in a deep
valley well may indicate the presence of a vertical fracture zone. :

A vertical fracture zone probably would lower the head in a small
tributgry valley and increase head in a valley setting. The components of, a
ground-water flow budget for a basin with a deep vertical fracture probably
would differ from those in an unfractured basin by less than 1 percent of the
total ground-water recharge.

Guidelines for Developing Supplies

The individual homeowner generally has little choice in the selection of
a well site. Usually the well location is restricted to the proximity of the
residence and a power supply, and the only consideration given to well siting
is the prevention of possible contamination. Siting of a ground-water supply
for stock, commercial, or public use may not be as restricted. For both
situations, an understanding of the geologic and hydrologic information given
in this report, combined with proper well construction, may make the
difference between a successful and unsuccessful well or spring. The
following facts and procedures, listed in order of importance, may be helpful
when considering a ground-water supply.
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General Procedures

The yields and quality of water of nearby wells and springs
often indicate what can be expected at a site. Altitude of
reported water-bearing zones and springs mark the location of
aquifers. However, there may be large variations in ground-
water yield in short distances because of the variation of
fractures.

The best time for well construction and spring development is

during dry periods, when water levels are lowest. Optimum
setting of the pump and adequacy of the well are best tested
when water levels are low. The relative permanence of a

proposed spring is also best established during this period.
The water quality commonly is at its worst during dry periods.

Most bedrock aquifers in Washington County include fractured
rocks located within 150 ft of land surface. Drilling a well
deeper than 150 ft generally will not increase aquifer yield.
Dissolved solids generally tend to increase with well depth
because of the longer residence time of ground water produced
from deep water-bearing zones. Drilling deeper than 150 ft also
increases the probability of encountering saline water with
undesirable concentrations of sodium chloride. -Additional
problems with deep wells include high initial costs for drilling
and high pumping costs because of deep-water levels commonly
found in hilltop, hillside, and some upland draw areas.

Storage capacity is important where wells yield meager supplies
of water. Storage tanks or reservoirs may be used to provide
necessary storage. Consideration may also be given to drilling
wells with as large a diameter as practical to provide as much
storage capacity as possible in the well itself. For example,
each foot of water in a 6-in.-diameter well represents about
1-1/2 gal (gallons). Each foot of water in an 8-in.-diameter
well represents about 2-1/2 gal. Thus, a 6-in.-diameter well
that contains 50 ft of water has 75 gal in storage and an
8-in.-diameter well, 125 gal. The cost of drilling a well with
a diameter of more than 8 in. may become prohibitive below a
certain depth. The cost of well storage needs to be compared to
that of storage above ground level.
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Site Selection Restricted

Topographic setting.--Procedures pertinent to the general
topographic position of a ground-water supply are:

(a) Hilltop.--Drill only to the depth of sufficient yield.
Drilling a well deeper for added yield or storage
commonly results in water-level decline and sometimes
complete loss of well yield. Also, an uncased deep
well may reduce the yield of a nearby shallow well.

(b) Hillside.--In addition to procedures for the hilltop
setting, hillside wells need to be sited at some
distance from potential contamination points such as
septic tanks, trash dumps, or stock pens located up
gradient (usually uphill). At many hillside locations,
springs are a suitable alternative to wells as a
potable water supply; however, care must be taken to
eliminate contamination when using springs for domestic
supply. For stock water supply, the spring-box and
storage-tank construction used by the U.S. Department
of Agriculture, Soil Conservation Service (1969) has

been successful. 1In some places, several springs can
be developed and the combined discharge piped to the
desired location. Where conservation is critical,

multiple storage tanks may be used.

(¢) Valley.--The depth of wvalley wells used for domestic
) 'supply may be limited because slightly saline ground
water is shallowest beneath wvalleys. High yielding
shallow wells are possible in the alluvium of major
valleys, but ground water is susceptible to.
contamination by surface activities. Tightly cased
deep wells in large valleys may be free flowing.
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Site Selection Unrestricted

1. On any given hillslope, springs developed farthest downhill are
most likely to produce the highest sustained yields during
droughts.

2. O0f all the topographic positions, wells in valleys will probably
have the highest yields. These high yields commonly are because
of fractures beneath the valley bottom that decrease in number
and magnitude with depth. This fracturing also tends to be less
extensive beneath adjacent hills. The extent of bedrock
fracturing in valleys and adjacent hillsides varies from site to
site. Therefore, an aquifer test of more than 24 hours needs to
be done on valley wells proposed for public or commercial use to
document if sufficient quantity of water exists for proposed
needs. Such a test also can be used to document the possible
interference of heavy pumping on nearby wells.

3. Locating fracture traces can help in choosing sites of optimum
yield inasmuch as most wells are completed in bedrock and water
mainly moves through fractures in the bedrock. The most
conspicuous linear features can be identified and plotted on
aerial photographs of the general area of interest. These
aerial photographs can then be used to help locate possible
fracture traces in the field. The best site for a well is at
the intersection of two or more traces. Parizek and others
(1971) determined that the width of fracture zones ranged from
15 to 60 ft and averaged 39 ft in the siltstones and shales of
western Pennsylvania. A hydrogeologist could be consulted to
locate such narrow zones by this method. The ground-water flow
model indicated that a fracture zone beneath a hilltop or
hillside may drain the shallow aquifers. So a well drilled to
shallow depth on a hilltop fracture trace may not always be
successful.

General information on the development of small well-supply systems may
be obtained from a manual prepared by the U.S. Environmental Protection Agency
(1975) entitled "Manual of Individual Water Supply Systems." The manual
includes sections on drilled- and dug-well construction, spring development
for domestic use, and sanitary protection of water supplies. The publication
may be obtained from the Superintendent of Documents, Government Printing
Office (Stock number 055-001-00626-8), Washington, D.C. 20402.
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SURFACE WATER
Low-Flow Frequency

Understanding low-flow characteristics of streams is essential in
determining the adequacy of streamflow for particular uses and for use during
periods of little or mno rainfall. Low-flow-frequency data may be used to:
(1) design industrial and domestic water-supply systems, (2) classify streams
as to their potential for waste dilution, and (3) maintain channel flows as
required by agreement or by law. Low-flow characteristics of a stream also
are good indicators of the amount of ground-water flow to the stream. Low
flows in areas with similar geology and basin size are usually of the same
order of magnitude.

The low-flow characteristics at a streamflow-gaging station generally are
described by a low-flow frequency curve, which is a graph relating the
magnitude and frequency of annual minimum flows for a given number of
consecutive days. The 7-day, 10-year low flow is the low-flow index most
commonly used as a critical-flow factor and as a minimum dilution flow in the
design of waste-water treatment plants.  The 7-day low flow will be less than
the 7-day, 10-year low flow at intervals averaging 10 years in length; or the
probability is 1/10 that the 7-day low flow in any one year will be less than
the 7-day, 10-year low flow. The reliability of a low-flow frequency curve,
based on natural flows, is related closely to the length of streamflow record;
the longer the period of record, the more reliable the curve.

The longest records of daily flows for an unregulated stream in the study
area are those for Brush Run (site 25). Twenty years of streamflow record
(1962-78 and 1983-85) are available at this site. Figure 11 shows the family
of low-flow frequency curves for 7, 14, 30, and 60 consecutive days for Brush
Run (site 25) for 1968-78 and 1983-85. The period 1962-67 was not used in
this analysis because it was statistically different from the long-term
record. Inspection of the daily discharge data from Brush Run revealed many
consecutive days of no flow in 1962-67 because of a drought. Figure 11 shows
that the 7-day, 10-year low flow for Brush Run is 0.12 ft3/s (cubic feet per
second). If the drought period was used in the analysis, the 7-day, 10-year
low flow would have been 0.0 ft3/s.

The 7-day, 10-year low flows for three short-term streamflow-gaging
stations (sites 20, 21, and 22) were assumed to be zero because of their small
drainage areas and their proximity to Brush Run.

The computed 7-day, 10-year low flow for Enlow Fork near West Finley
(site 16) of 0.30 ft3/s was determined from a regression analysis with
Wheeling Creek at Elm Grove, W. Va. (site 37), a long-term gaging station
about 28 mi downstream from site 16.

The computed 7-day, 10-year low flow for Daniels Run near West
Zollarsville (site 11) was 0.17 ft3/s and was estimated from a regression
analysis with South Fork Tenmile Creek near Jefferson, Pa. (site 36), a long-
term gaging station in Greene County about 3.7 mi south of the Daniels Run
gage. Because Daniels Run is a highly regulated stream because of mine
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pumpage into the stream and water loss from the stream in areas where there
has been long wall mining, the computed 7-day, 1lO0-year low flow is not
indicative of natural conditions.

One or more base-flow discharge measurements taken each year at partial-
record stations can provide nearly as much low-flow information for comparison
as a complete flow record of a few years (Riggs, 1972). Base-flow
measurements made at the 29 partial-record stations throughout Washington
County were compared with concurrent discharges from nearby long-term
stations, and 7-day, 1l0-year low-flow discharge values were computed for the
partial-record stations (fig. 12, table 7). The computed values for the
partial-record stations are derived from limited data and the accuracy of the
values may be questionable. Based on streamflow data from Brush Run (site 25)
and long-term precipitation data from Burgettstown, the 7-day, 10-year
discharge was assumed to be zero for the sites on unregulated streams with
drainage areas less than 13 mi2.

The low-flow frequency data (fig. 12 and table 7) generally indicate that
low flows at sites in the south-central and southwestern part of the county
were the lowest low flows per square mile in the study area, whereas sites in
the eastern and northern parts of the county had the highest low flows.
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Figure ll.--Low-flow-frequency curves for 7, 14, 30 and 60
consecutive days for Brush Run near Buffalo (site 25),
for 1968-78 and 1983-85.
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Table 7.--Computed 7-day, 10-year low flows for long-term, short-term, and
partial-record sites

[f£3/s, cubic feet per second; mi2, square miles; (ft3/s)/mi2?,
cubic feet per second per square mile]

7-day, 10-year 7-day, 10-year discharge
discharge Drainage area per square mile
Site number (ft3/s) (mi2) ([(ft3/s)/mi2] x 10-3)
1 3.0 54.5 55
2 .57 22.3 26
3 .12 37.0 3.2
4 0 .75 0
5 49 13.6 36
6 .06 22.2 2.7
7 .89 52.6 17
8 0 11.1 0
9 .45 20.9 22
10 .62 12.2 51
*11 .03 8.47 3.1
12 .07 27.2 2.6
13 .13 51.6 2.5
14, .03 13.5 2.1
15 .01 20.8 .53
*16 .30 38.1 7.9
17 .001 14.8 .07
18 0 10.4 0
19 .02 13.8 1.7
*20 0 3.97 0
*21 0 38 0
*22 0 .90 0
23 0 .98 0
24 .14 30.9 4.5
+25 0 10.3 0
26 0 9.17 0
27 .17 16.3 10
28 0 4.17 0
29 0 3.73 0
30 .18 13.9 13
31 0 7.84 0
32 .34 18.9 18
33 .64 19.9 32
34 0 7.10 0
35 .087 14.2 6.1
#+36 .37 180 2.0
°+37 .62 282 2.2

+ Long-term station.

* Short-term station.

# Site 36 is in Greene County, Pa.

° Site 37 is in Ohio County, W. Va.
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Flow Duration

The flow distribution and variability of streams may be shown by a flow-
duration curve (fig. 13). This curve is a cumulative-frequency curve at a
stream site that shows the percentage of time a specific daily discharge was
equaled or exceeded during a given period of record (Searcy, 1959). The flow-
duration curve shows the integrated effect of the various factors that affect
runoff, such as precipitation, topography, geology, mining, urbanization, and
agriculture. This curve also provides a convenient means for studying the
flow characteristics of streams and for comparing one basin with another. The
shape of the duration curve is indicative of the hydrologic and geologic
characteristics of the drainage basin. A curve with a steep slope denotes a
highly variable streamflow that is mainly from surface runoff. A curve with a
flat slope indicates streamflow that is mainly from surface-water or ground-
water storage, such as lakes, reservoirs, and permeable rocks. The low end of
the duration curve characterizes the low flows of the stream. A flat slope at
the low end of the curve indicates sustained base flow, and a steep slope
indicates negligible base flow.

Duration curves that are used to compare streamflows in different basins
must represent concurrent periods so that the differences between the curves
are because of differences in climatic or drainage-basin characteristics and
not because of the differences in flows for different periods of time. An
example of this is illustrated in figure 13. The duration curve for Brush Run
for 1983-85 is different than the curve for the period of record (1962-78 and

1983-85). The duration curve for the period of record includes 7 years
(1962-67, 1973) when periods of no flow were common. The extremely steep
slope at the lower end of the curve reflects the no-flow conditions. However,

the shape of the lower end of the duration curve for 1983-85 indicates a
sustained base flow for those 3 years of record.

Figure 14 shows the flow-duration curves developed for Brush Run
(site 25), Enlow Fork (site 16), and Chartiers Creek (site 20) based on data
collected from October 1982 through September 1985. Chartiers Creek had the
most sustained base flow and Enlow Fork had the least sustained base flow.
The steepness of the Enlow Fork curve indicates that this drainage basin has
little ground-water storage.
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Figure 13.--Flow-duration
curves for Brush Run (site 25)
for the periocd of record
1962-78 and 1983-85 and the
period of study 1983-85.
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Runoff Analvses

Total runoff in a stream consists of ground-water discharge (base flow)
from the exposed or shallow aquifers plus surface runoff that travels over or
through the soil to the stream. Runoff has a distinct seasonal variability.
Highest runoffs normally occur in late winter and early spring because of

ground-water discharge, icemelt, snowmelt, and high precipitation. Runoff
generally decreases with the onset of warmer weather in response to increased
rates of evaporation, transpiration, and soil absorption. Lowest runoffs

generally occur in late summer and early fall. Table 8 shows the variation in
runoff and precipitation measured at five Washington County gaging stations
for 1983-85. Only 1 complete year of data (1985) was available for site 21,
one of the two main inflows to Water-Supply Reservoir Number 4 in North
Franklin Township. Mean runoff, in inches, in table 8 refers to the
equivalent amount of water throughout the upstream drainage basin that would
produce the corresponding mean runoff in cubic feet per second. The measured
precipitation at all five sites was from 2 to 4 times greater than the mean
runoff, and the annual water loss (difference between precipitation and
runoff) ranged between 52 and 75 percent. Water loss is affected by
evaporation, transpiration, diversion, mines, ground-water outflow, and plant
and animal consumption. The annual water losses at the five gaging stations,
represented as a percentage of precipitation, are:

1983 1984 1985 AVERAGE
Brush Run at Buffalo (site 25) 69.5 62.9 62.6 65.0
Chartiers Creek at Lagonda (site 20) 61.5 51.8 64.8 59.4
Enlow Fork near West Finley (site 16) 54.9 59.7 67.2 60.6
- Daniels Run near West Zollarsville
(site 11) 69.4 60.4 75.0 . 68.3

Unnamed Tributary 2B to
Chartiers Creek at Lagonda (site 21) No data No data 62.6

When surface water in a particular area is being considered as a potential
source of water supply, water losses can be used to determine the most

productive areas of runoff.
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Table 8.--Measured runoff and precipitation for five Washington County streamflow-gaging stations for water years 1983-85

[miz, square miles; fta/s. cubic feet per second; (fta/s)/miz, cubic feet per second per square mile;

in,, inches; --, no data]
1983 1984 1985
Drainage Mean_runoff Measured Mean runoff Measured Mean runoff Measured
area precipitation - precipitation precipitation

Station mi?) s ((et¥/s)/mi?] in. (in.) et3/5  ((££3/s)/mi%)  in. (in.) £t3/s  rcee3/s)/m2)  tn. (in.)
Brush Run

near Buffalo, Pa. .

(site 25) 10.3 8.45 0.82 11.40 37.34 10.4 1.01 13.80 37.23 9.00 0.87 11.86 31.73
Chartiers Creekl

at Lagonda, Pa.

(site 20) 3.97 4.34 1.09 13.33 34,66 5.23 1.32 17.94 37.23 3.27 .82 11.18 31.73
Enlow Fork near

West Finley, Pa.

(site 16) 38.1 40.8 1.07 14,52 32.19 39.1 1.03 13.99 34.72 32.9 .86 11.74 35.78
Daniels Run near West :

Zollarsville, Pa.

(site 11) 8.47 6.73 .80 10.78 35.27 9.08 1.07 14.60 36.86 4.94 .58 7.92 31.74
Unnamed Tributary 2B

to Chartiers Creek

at Lagonda, Pa,

(site 21) .38 -- -- - -- -- -- -- -- .32 .86 11.86 31.73

1No streamflow record frém October 1 through November 21, 1982,



WATER QUALITY
Ground-Water Characteristics

Acidity, alkalinity, pH, specific conductance, iron, manganese, hardness,
chloride, and sulfate are constituents and properties commonly used to
evaluate ground-water quality. The analyses of ground-water samples from
wells and springs in the county are shown in Appendixes E and F. Besides the
wells and springs sampled during this study, two wells were sampled in the
late 1960s and early 1970s, and 13 wells were sampled by Piper (1933).

The U.S. Environmental Protection Agency (USEPA) has established maximum
contaminant levels (MCLs)! and recommended maximum contaminant levels (RMCLs)1!
for selected contaminants of drinking water for public supply systems
(table 9). The major ground-water-quality problems are elevated
concentrations of iron, manganese, and dissolved solids, and high hardness.
Minor ground-water-quality problems include elevated concentrations of
fluoride, chloride, and sulfates. The source and significance of these and
other constituents and properties of natural water are shown in table 10.

Table 9.--Federal maximum contaminant levels and recommended maximum
contaminant levels for selected contaminants of drinking
water for public supply systems

{Limits in milligrams per liter except as indicated;
~--, no data available]

Maximum contaminant levels Recommended maximum contaminant
Contaminant (MCLs) levels (RMCLs)

Arsenic (As) G.05 -
Barium (Ba) 1 -
Cadmium (Cd) .010 --
Chromium (Cr) .05 : -
Lead (Pb) .05 . -
Mercury (Hg) : .002 il
Nitrate (N) 10 -=
Selenium (Se) .01 -
Silver (Ag) .05 it
Chloride (Cl) -- 250
Color (coclor units) - 15
Copper (Cu) -- 1
Corrosivity - Noncorrosive
Foaming agents - .5
Iron (Fe) - .3
Manganese (Mn) - .05
Odor (threshold odor number) - 3
pH (units) -- 6.5 - 8.5
Sulfate (S04) - 250
Total dissolved solids - 500
Zinc (Zn) - 5
Fluoride (F) 1.4 - 2.4 Limit dependent on
air temperature

1y.s. Environmental Protection Agency, 1983, Drinking Water Standards
(Information from Code of Federal Regulations #40, 1983, parts 141.11
and 143.3).

1Maximum contaminant levels (MCLs) are levels of drinking-water
contaminants that could cause health effects if exceeded and are enforceable
by law. Recommended maximum contaminant levels (RMCLs) are levels of
drinking-water contaminants that are not health related and are intended to
protect public welfare by establishing unenforceable guidelines on the taste,

odor, or color of drinking water.
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Table 10.--Source and significance~o£ constituents and properties of natural waters

[Adapted from Lloyd and Growitz (1977), p. 51-54;
mg/L, milligrams per liter]

Constituent or
physical property

Source or cause

Significance

Acidity

Alkalinity

Calcium (Ca) and
magnesium (Mg)

Chloride (Cl)

Dissolved solids

Fluoride (F)

Hardness as calcium
carbonate (CaCO3)

Iron (Fe)

Manganese (Mn)

Sodium (Na) and
potassium (K)

Primarily free mineral acids and
carbonate acid. Common in areas
where coal has been mined.

Primarily due to the presence of
bicarbonate, carbonate, and
hydroxide.

Dissolved from almost all soils
and rocks, especially limestone,
dolomite, and gypsum. Calcium
and magnesium are found in largs
quantities in some brines.

Large quantities of magnesium
are present in sea water.

Dissolved from rocks and soils.
Present in sewage. Found in
large amounts in ancient brines,
sea water, and industrial brines.

Chiefly mineral.constituents
dissolved from rocks and soils;
may include organic matter.
Frequently excessive in coal-
mining areas.

Dissolved in small to minute
quantities from most rocks
and soils. Also, often added
to public water supplies with
chlorine.

Nearly all the hardness in most
waters is due to calcium and
magnesium. Iron, manganese,
aluminum, and free acid also
cause hardness.

From practically all rocks and
soils. High in coal-mine
drainage, from coal preparation
plants, and from landfills.
Most high concentrations are

a result of oxidation processes
and are usually unrelated to
coal mining. :

From many rocks and soils.

Can be found in unusually high
concentrations in coal-mine
drainage. Most high
concentrations are a result of
oxidation processes and are
usually unrelated to coal mining.

Dissolved from almost all rocks
and soils. Found in ancient
brines, sea water, some
industrial brines, and sewage.
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A limiting factor to aquatic organisms, especially
fish life. Corrodes pipes, pumps, etc.; dissolves
minerals, notably iron-bearing minerals.

Ability to neutralize acids. Alkalinity may be
undesirable for public supplies when in excessive
concentrations.

Cause most of the hardness and scale-forming
properties of water; scap consuming (see hardness).

In large amounts in combination with sodium gives
salty taste to drinking water. In large quantities
increases the ccrrosiveness of water. Above-average
levels can indicate contamination by sewage,
industrial wastes, or road-deicing chemicals.

Excessive hardness, taste, mineral deposition,

or corrosion are common properties of water high
in dissolved solids. Waters with very low
concentrations of dissolved solids often do not
support aquatic life due to lack of nutrients

and essential elements. Water becomes unsuitable
for many purposes when it contains more than
1,000 mg/L dissolved solids.

Fluoride in drinking water reduces the incidence
of tooth decay when the water is consumed during
the period of calcification. However, it may
cause mottling of the teeth depending on the
concentration of fluoride, age of the child,
amount of drinking water consumed, and
susceptibility of the individual.

Consumes soap before a lather will form. Deposits
soap curd on bathtubs. Hard water forms scale in
boilers, water heaters, and pipes. Hardness
equivalent to the bicarbonate and carbonate is
called carbonate hardness. Any hardness in

excess of this is called noncarbonate hardness.
Waters of hardness up to 60 mg/L are considered
soft; 61-120 mg/L, moderately hard; 121-180 mg/L,
hard; more than 180 mg/L, very hard.

In streams affected by coal-mine drainage,
reddish-brown iron precipitates blanket stream
bottoms. More than about 0.3 mg/L of iron stains
laundry and porcelain. In higher concentrations,
gives an unpleasant taste (Durfor and Becker, 1964).
Methods to remove from drinking water include water
treatment by oxidation followed by filtering or ion
exchange processes.

More than 0.05 mg/L can cause brown spots in laundry
and dark precipitates. Imparts an unpleasant taste.
May coat rocks on stream bottoms.

Large amounts in combination with chloride give
a salty taste. Moderate quantities have little
effect on the usefulness of water for most
purposes.



Table 10.-~Scurce and significance of constituents and properties of natural waters--Continued

[Adapted from Lloyd and Growitz (1977), p. 51-54]

Constituent or

physical property Source or cause

Significance

pH Summary effect of the acid and
alkaline constituents in sclution.
Acids, acid-generating salts,

and

free carbon dioxide lower the pH.
Carbonate, bicarbonate, hydroxide

and phosphate, silicate, and
borate raise the pH.

Silica (SiOz)

concentrations--as much as
100 mg/L--generally occur in
highly alkaline waters.

Specific conductance

(microsiemens per
centimeter at 25 °C)

Sulfate (SO4)

Mineral content of the water.

Dissolved from rocks and soils

Dissolved from almost all rocks
and soils, generally in small
amounts frem 1-30 mg/L. High

containing gypsum, iron sulfide,

and other sulfur compounds.
Generally present in mine

waters and in some industrial

wastes and sewage.

Temperature

Shallow wells show some seasonal
fluctuations in water temperature.

Ground water from moderate depths
generally is nearly constant in

temperature, which is near the
mean annual air temperature of the
area. In very deep wells the water

temperature generally increases

on the average about 1 °F with

each 100-foot increment of depth.

Seasonal fluctuations in temperature
of surface water are comparatively

large--depending on the depth of

water--but do not reach the
extremes of air temperature.

pH of 7.0 indicates neutrality of a solution.

Values higher than 7.0 denota increasing alkalinity;
values lower than 7.0 indicate increasing acidity.
The pH is a measure of hydrogen-ion activity. The
corrosive properties of water generally increase
with decreasing pH; however, excessively alkaline
water may also attack metals.

Forms hard scale in pipes and boilers. Carried
over in steam of high-pressure boilers to form
deposits on blades of steam turbines.

Specific conductance is a measure of the capacity
of water to conduct an electric current; varies
with concentration and degree of ionization of the
constituents. Varies with temperature; reported
at 25 °C.

Chief anion in mine drainage and in all high
dissolved-solids water. Forms sulfuric acid.
May cause detectable tastes at concentrations
of 300-400 mg/L. At concentrations above

600 mg/L may have laxative effect.

Affects the usefulness of water for many
purposes. For most uses, a water of uniformly
low temperature is desired.
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General Ground-Water-Quality Constituents

Concentrations of iron and manganese above USEPA RMCLs (table 9) are
common in the ground water in the county. More than 33 percent of the water
samples had iron concentrations greater than the USEPA RMCL; 30 percent had
manganese concentrations greater than the limit.

Hard water is a common water problem in the county. More than 75 percent
of the wells and all of the springs sampled had very hard water. Water from
seven wells had fluoride concentrations greater than the MCL; the maximum
concentration was 7.0 mg/L. Six of the seven wells were in valleys, and four
tapped the Pittsburgh Formation.

Water sampled from five wells had chloride concentrations that exceeded
the RMCLs; the maximum concentration was 1,200 mg/L. Several wells sampled
had sulfate concentrations that exceeded the RMCLs; the maximum concentration
was 600 mg/L.

Concentrations of arsenic, cadmium, chromium, copper, lead, mercury,
selenium, silver, and zinc for wells sampled were less than drinking-water
levels established by the USEPA (table 9). These and other trace-element
concentrations are shown in Appendix F.

Dissolved-solids concentrations have been used to determine the salinity
of water. The following are salinity terms assigned for water contalnlng
elevated concentrations of dissolved solids (Hem, 1985, p. 157):

Term Dissolved solids (mg/L)
Slightly saline 1,000 - 3,000
Moderately saline 3,000 - 10,000
Very saline 10,000 - 35,000
Briny More than 35,000

Seven wells sampled had slightly saline water. Four of the seven wells with
slightly saline water tap the Washington Formation. Saline water is found at
variable depths. Saline water generally is closest to land surface in the
larger stream valleys where there is regional discharge of ground water.

The USEPA RMCL for total dissolved-solids concentration is 500 mg/L
(table 9). Dissolved-solids concentrations (nmot total dissolved solids) for
wells and springs sampled are in Appendix E. The dissolved-solids
concentrations in more than one-third of the wells sampled exceeded 500 mg/L.
The water in half of the wells sampled that tap the Pittsburgh Formation had
concentrations greater than 500 mg/L. The maximum dissolved-solids
concentration (2,460 mg/L) was also from a well that taps the Pittsburgh

Formation.

Specific conductance can be used to estimate dissolved-solids
concentrations. The mean ratio of dissolved-solids concentration to specific
conductance ranged from 0.56 (Glenshaw Formation) to 0.64 (Casselman
Formation). The mean ratio for 82 well analyses was 0.60, and the mean ratio
for six spring analyses was 0.59. Therefore, the dissolved-solids
concentration of the ground water may be estimated by multiplying the specific

conductance by 0.60.
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Specific conductance and pH were measured at inventoried water wells
whenever possible. The specific conductance of inventoried wells ranged from
120 to 2,750 pS/cm (microsiemens per centimeter at 25 degrees Celsius). The
pH of inventoried wells ranged from 5.7 to 9.1. Although the range of pH is
outside the USEPA RMCLs, most pH values were less than the RMCLs.

Water Quality of Bedrock Formations

Glenshaw Formation

All four sampled wells tapping the Glenshaw Formation had soft to
moderately hard water. The pH ranges from 7.4 to 8.3. Specific conductance
ranges from 520 to 1,400 uS/cm.

Casselman Formation

Three wells were sampled from the Casselman Formation. One well had iron
concentrations that exceeded USEPA RMCLs (table 9). . Water from two wells had
" manganese concentrations that exceeded USEPA RMCLs (table 9). Well WS-324 had
concentrations that exceeded USEPA RMCLs for sulfate (530 mg/L) and dissolved
solids (1,000 mg/L). The pH ranged from 6.2 to 7.5. Specific conductance
ranged from 470 to 1,750 uS/cm.

Pittsburgh Formation

Water-quality problems in the Pittsburgh Formation include elevated
concentrations of dissolved solids, iron, fluoride, manganese, and chloride,
and hardness. Water in half of the wells sampled in the Pittsburgh Formation
had dissolved-solids concentrations that exceeded USEPA RMCLs (table 9). The
water in well WS-240 had the maximum dissolved-solids concentrations
(2,460 mg/L) of all the wells sampled. Samples from one-fourth of the wells
had iron concentrations greater than USEPA RMCLs; the maximum concentration
was 850 pug/L (micrograms per liter) in well WS-914. Water in four of the 20
wells sampled had fluoride concentrations that exceeded USEPA MCLs; the
maximum concentration was 7.0 mg/L in well WS-289. Manganese concentrations
exceeded USEPA RMCLs (table 9) in the water of three wells. The water in well
WS-240 had the maximum chloride concentration (1,200 mg/L) of all wells
sampled. Very hard water was found in 70 percent of the wells sampled. The
pH ranged from 5.9 to 8.6. The specific conductance ranged from 365 to

4,400 pS/cm.

Uniontown Formation

Elevated iron and manganese concentrations are common in the ground water
in the Uniontown Formation. About one-third of the samples had an iron
concentration that exceeded USEPA RMCLs; the maximum concentration was from
well WS-219, 4,300 pg/L. Samples from almost half of the wells had a
manganese concentration greater than the USEPA RMCLs; the maximum, 370 pg/L,
was from well WS-265. More than 80 percent of the wells sampled that tap the
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Uniontown Formation had very hard water. Spring WS-72 had a sulfate
concentration of 440 mg/L. The pH ranged from 5.9 to 9.1. The specific
conductance ranged from 287 to 2,000 pgS/cm.

Wavnesburg Formation

Iron and manganese concentrations exceeded USEPA RMCLs in samples from
one-third of the wells. The maximum concentration for iron and manganese were
3,300 pg/L in well WS-189 and 1,100 pg/L in well WS-586, respectively. Water
in almost 30 percent of the sampled wells had dissolved-solids concentrations
that exceed USEPA RMCLs; the maximum concentration was 1,110 mg/L in well
WS-609. Water from well WS-609 also had elevated fluoride and chloride
concentrations. Very hard water was found in more than 85 percent of the
wells sampled. The pH ranged from 6.1 to 8.2. The specific conductance
ranged from 225 to 1,600 uS/cm.

Washington Formation

The Washington Formation had more water-quality problems than any other
formation tested. Iron concentrations in samples of more than half the wells
exceeded USEPA RMCLs; the maximum iron concentration (4,500 ug/L) was in well
WS-322. Samples in more than 40 percent of the wells had manganese
concentrations that exeeded USEPA RMCLs; the maximum concentration (350 upg/L)
was in well WS-271. Dissolved-solids concentrations in samples from about
one-third of the wells exceeded USEPA RMCLs. The maximum chloride
concentration (950 mg/L) was collected from well WS-579. Water sampled from
well WS-297 had the maximum concentration of sulfate (600 mg/L). Almost 80
percent of the wells sampled in the Washington Formation had very hard water.
The pH ranged from 5.7 to 7.9. Specific conductance ranged from 270 to

1,550 pS/cm.

Greene Formation

. Iron concentrations exceeded USEPA RMCLs in water from three of the seven
wells sampled. Water in two wells had elevated dissolved-solids
concentrations. The water in all seven wells was very hard. The pH ranged
from 6.4 to 7.4. Specific conductance ranged from 120 to 1,420 pS/cm.

Water Quality of Unconsolidated Deposits

Carmichaels Formation

Because of limited areal extent and the small number of wells completed
in the Carmichaels Formation, water-quality data were not available.

Alluvium

Of the sparse data available, some indicate the water in the alluvium may
exceed USEPA RMCLs for iron and manganese.
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Changes Along Flow Path

A trilinear diagram, figure 15, is one method of comparing results of
chemical analyses of water. This diagram consists of two lower triangles that
show the percentage distribution, on a milliequivalent basis, of the major

: s . + - :
caE}ons [magnesium (Mg ), calcium (Ca ), and sodium (Na~);p1us potassium
(K'), _and the major anions; chloride (Cl ), sulfate (SO, ), and carbonate
(CO, ) plus bicarbonate (HCO, )], and a diamond-shaped part above that
summarizes the dominant cations and anions to indicate the averall water type.

The water types are designated according to the area in which they occur
on the diagram segments. For example, sea water and brine would lie in the
sodium chloride-sulfate segment, and acid mine drainage would lie in the
calcium-magnesium sulfate-chloride segment. Water types are determined by the
cations and anions with concentrations greater than 50 percent. In figure 15,
the water type for hillside and valley wells, Group III, is sodium
bicarbonate. If no cation or anion concentration exceeds 50 percent, then the
water type 1is described by the two ion concentrations with the highest
percentages. For example, in the hillside wells, Group II, the water type is
calcium-sodium bicarbonate.

Group I contains a Subgroup IA. The predominant water .types in Subgroup
IA are calcium-bicarbonate-chloride and calcium-magnesium-bicarbonate-sulfate.
Subgroup IA has a mean dissolved-solids concentration of 838 mg/L and a mean
sulfate concentration of 258 mg/L. These mean concentrations exceed USEPA
RMCLs (table 9). The elevated sulfate concentrations may partly reflect the
presence of abundant pyrite in coal beds, which are part of the aquifer.

Water types were found not to be related to geologic units except for the
Greene and Glenshaw Formations. The water type for all six wells sampled from
the Greene Formation was calcium bicarbonate. The water type for all four
wells sampled from the Glenshaw Formation was sodium bicarbonate. The small
number of wells sampled in the Greene and Glenshaw Formations may account for
the apparent relation of water type to these geologic units. Water types.
appear to be unrelated to rock lithologies such as sandstone, limestone, and
shale. The vertical movement and mixing of ground waters passing through
fractured bedrock composed of a variety of rock types probably contribute to-
the variability of water types within lithologies and formations.
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Changes Over Time

Two wells that were sampled for water quality during this investigation
had been sampled previously. Well WS-155 near Good Intent was sampled in July
1971 and again in August 1983. The water quality had not changed appreciably
in 12 years (Appendixes E and F). Well WS-74, located at the middle school in
Hickory (inset J Hickory, plate 3a), was sampled by Piper (1933) in September
1926. The well was resampled in August 1983. The schools’ present water
system combines the water from wells WS-74 and WS-440. Analyses show
significant increases in concentrations of calcium, sulfate, chloride, and
dissolved solids from 1926 to 1983. The chloride concentration of the 1983
sample was almost five times greater than the chloride concentration of the
1926 sample. Newport (1973, p. 27) stated that the water quality of shallow .
freshwater aquifers has been degraded by saltwater that moved upward under
artesian pressure through oil and gas boreholes that have no well casings or
have casings that are severely corroded. '

Surface-Water Characteristics

A network of 35 sampling sites was established throughout the county to
assess the surface-water quality (table 3, fig. 1). The sampling sites
selected were on: (1) main streams in the county; (2) streams considered to
have a high recreational value (such as those designated by the Pennsylvania -
Fish Commission as approved trout. waters and other such streams inhabited by
warm-water species of game fish); (3) inflows to public surface-water supply
reservoirs; or (4) streams where AMD has had a detrimental effect on the water

quality.

All 35 sites were sampled at high base flow in May 1983 and at low base
flow in August 1983, 1984, and 1985. Sites 11, 16, 20, 21, 22, and 25 were at
streamflow-gaging stations and were sampléed more often than other sites
throughout the study period. Sites 11 and 25, at the outflows of a mined and
an unmined basin, respectively, were sampled 11 times. Sites 16, 20, 21, and
22 were sampled 6 times. Site 16 also was sampled 29 times from August 1979
through August 1982 as part of the Greene County water-resources study. Site
15, which was also a water-quality site for the Greene County study, was
sampled 9 times from March 1980 through August 1981. Sites 1, 2, 3, 6, 8, 10,
13, 27, 28, 32, 33, and 34 were sampled 6 times from June 1979 through August
1981 when they were part of the U.S. Geological Survey Coal Hydrology Network.
All water-quality data collected during the study are shown in Appendix G.
Data collected prior to Qctober 1982 were published by the U.S. Geological
Survey (1979, 1980, 1981, 1982) in annual water-resource data reports.

The constituents and properties used to evaluate the water quality
include pH, acidity, alkalinity, specific conductance, dissolved solids,
calcium, magnesium, sodium, potassium, fluoride, chloride, sulfate, silica,
iron, and manganese. Table 10 shows some of the sources and significance of
the constituents and properties used to evaluate the water quality. This
- information is helpful in understanding the controls on quality of water and
the possible consequences if concentrations of certain constituents were to
exceed RMCLs. Table 9 gives the USEPA MCLs and RMCLs for selected
contaminants of drinking water for public supply systems.
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The four base-flow samples collected in May 1983 and August 1983, 1984,
and 1985 are used to assess the countywide water-quality conditions. All
samples were collected under the same climatic and hydrologic conditions.
Base-flow samples generally contain the highest concentrations of dissolved
constituents because they are least affected by dilution from surface runoff
and are therefore often indicative of the poorest water-quality conditions for
that particular stream. Figure 16 shows the relative magnitude areally of
dissolved solids.

The dissolved-solids concentration often is used in evaluating the
overall water-quality condition of a stream and is a convenient means of
comparing the surface-water quality throughout the county. Individual ions,
pairs of ions, and complexes made up of several ions all contribute to the
dissolved-solids concentration. The principal inorganic anions in surface
water include the carbonates, chloride, and sulfate. The principal cations
include calcium, magnesium, sodium, and potassium. In coal-mined areas, the
weathering and oxidation of pyrite and other minerals produce elevated
concentrations of iron, manganese, and sulfate, which can contribute to
unusually high dissolved-solids concentrations. The USEPA RMCL for dissolved
solids in drinking water is 500 mg/L; water becomes unsuitable for many other
purposes when dissolved-solids concentration exceeds 1,000 mg/L. Figure 16
shows the sites where the maximum measured concentrations of dissolved solids
were less than 500 mg/L, from 500 to 1,000 mg/L, and greater than 1,000 mg/L.
Dissolved-solids concentrations greater than 1,000 mg/L generally were found
in northern and eastern Washington County where coal mining and AMD are most
prevalent. Concentration of dissclved solids generally varies inversely with
stream discharge. During base flow, stream discharge is sustained by ground-
water discharge that generally has an elevated concentration of dissolved
solids because of its prolonged contact with minerals in soils and rocks.
During high flow, stream discharge is mostly from precipitation and surface
runoff that have relatively low concentrations of dissolved solids because the
short period of contact with soluble minerals at the surface. This is
illustrated in figure 17, which shows the relation between discharge and
dissolved-solids concentration at Enlow Fork near West Finley (site 16).

The pH in natural streams normally ranges between 6.5 and 8.5 and the pH
of almost every stream sampled in Washington County fell within that range.
In coal-mined areas, a pH below 6.5 usually indicates the presence of AMD and
a pH less than 4.5 usually indicates the presence of untreated AMD. The pH of
only two sampled streams was less than 6.5. The pH of four samples collected
on Robinson Run at McDonald (site 31) ranged from 6.2 to 6.5. The pH of four
samples collected on Raccoon Creek at Raccoon, Pa. (site 32) ranged from 4.4
to 6.8. Both of these streams drain areas with numerous abandoned deep and
surface mines. Other sites sampled in the northern and eastern part of the
county are in areas of active and abandoned coal mines, but a combination of
AMD treatment or natural stream alkalinities and dilution appear to be capable
of raising stream pH to above 7.0.

Acidity and alkalinity of a stream are measures of the stream’s buffering
capacity or its ability to resist a pH change upon the addition of a base
(acidity) or an acid (alkalinity). A stream having a pH of 4.5 to 8.3 has
both acidity and alkalinity. If the acidity exXceeds the alkalinity, the
stream is considered to be acid, whereas if alkalinity exceeds the acidity,
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the stream is considered to be alkaline. 1In this report, acidity and
alkalinity are expressed as equivalent concentrations of calcium carbonate
(CaCO,) in milligrams per liter. At site 31, the mean acidity was 69 mg/L,
and the mean alkalinity was 22 mg/L. At site 32, the mean acidity was
63 mg/L, and the mean alkalinity was 24 mg/L. At the other 33 sites, the
alkalinity greatly exceeded the acidity. The mean alkalinity at these sites
ranged from 86 to 345 mg/L, and the mean acidity ranged from 0 to 8.8 mg/L.

Beall (1975), in a reconnaissance of water quality of streams in the six-
county Greater Pittsburgh Region, found the highest alkalinities (greater than
200 mg/L) in a group of streams in central Washington County that includes
Pike Run (site 9), Pigeon Creek (site 7), Mingo Creek (site 6), Little
Chartiers Creek (site 3), and Buffalo Creek (site 24). He also observed high
alkalinity in southern and western Washington County streams.

According to Biesecker and George (1966), alkalinities of less than 50
mg/L are relatively incapable of neutralizing large quantities of acid mine
drainage that enter the receiving stream. The alkalinities at 33 sites
greatly exceeded 50 mg/L; these streams probably would have a neutralizing

effect on most acidic inflow.
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Sulfate, iron, and manganese are three constituents often associated with
AMD. AMD is produced by the oxidation of pyrite (FeS,) normally present in
coal and adjacent rock strata. The oxidation of pyrite usually is described
by the following reaction in which pyrite, oxygen, and water form sulfuric
acid and ferrous sulfate:

2FeS, + 70, + 2H,0 = 4H" + 2Fe” + 450°7. (2)
. . . 2+ R 3+ .

Oxidation of ferrous iron (Fe” ) produces ferric ions (Fe” ) according to the
following reaction:

2re?" 4 172 0, + 2u% = 2Fe*+ H 0. (3)

When the ferric ions react with water, it produces an insoluable ferric
hydroxide [Fe(OH)3], also referred to as "yellow boy," and more acid:

Fe> + 3H,0 - Fe(OH), + 3H'. (%)

The above reactions prg@uce elevated concentrations of ferric hydroxide
[Fe(OH)3], sulfate (SO,” ), and acid (H ). Secondary reactions of the acidic
water dissolve many other constituents associated with coal deposits, such as
- manganese, aluminum, and zinc. Laboratory analyses for aluminum and zinc were
not done in this study. The highly mineralized water collects in mine
impoundments and spoils where it eventually evaporates, percolates downward
into underlying aquifers, or runs off into streams. If the receiving stream
is sufficiently alkaline, the acidic water may exist only for a short time
before being neutralized. However, natural neutralization or deliberate
neutralization (treatment with an alkaline agent) does not change the
concentration of sulfate, and therefore, sulfate persists as an indicator of
mine drainage. A good example of this is seen from data collected on Daniels
Run at West Zollarsville, Pa. (site 10). This site is downstream from two
treated deep-mine discharges. The sulfate concentrations there were the
highest measured at any site (2,600 mg/L maximum, 1,900 mg/L mean), and yet
the pH ranged from 8.1 to 8.8, and the alkalinity ranged from 180 to 460 mg/L.
According to Toler (1982), sulfate concentrations in excess of 100 mg/L in
base-flow conditions can be attributed to drainage from coal-mined areas.

Maximum sulfate concentrations measured in streams throughout Washington
County ranged from 40 to 2,600 mg/L. Mean concentrations ranged from 35 to
1,900 mg/L. Figure 18 shows that sulfate concentrations were highest in
northern and eastern Washington County where most of the active and abandoned
coal mines are located. There is evidence of either active or abandoned,
surface- or deep-mining activity upstream from every sampling site where the
maximum measured sulfate concentrations exceeded 100 mg/L.

At all sites except 31 and 32, maximum total-iron concentrations ranged
from 240 to 9,200 pg/L, and maximum dissolved-iron concentrations ranged from
9 to 160 pg/L. Although elevated concentrations of dissolved iron usually are
associated with acid mine discharges, quite often the iron precipitates out a
short distance downstream from where the acid mine discharge enters the
receiving stream. Therefore, dissolved-iron concentration is not a reliable
indicator of AMD. Dissolved iron in waters void of dissolved oxygen that
originate from ground water or deep mines usually is in the ferrous form
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(Fe2+): When this water is pumped from the deep mines or seeps to the lgnd

surface, the ferrous iron (Fe ) is readily oxidized to the ferric form (Fe™ )
and usually precipitates out as ferric hydroxide, a yellow-orange precipitate
usually referred to as "yellow boy" (see reactions on p. 64). This
precipitate is noticeable in many streams in the northern and eastern part of
the county where AMD is common. At sites 31 and 32, the maximum dissolved-
iron concentrations were 29,000 and 13,000 pg/L, respectively, and the maximum
total-iron concentrations were 33,000 and 14,000 pg/L, respectively. Although
iron precipitates out in these two streams, as-is apparent from the large
deposits of yellow boy, elevated concentrations of iron remain in the
dissolved phase because of low pH and incomplete neutralization.

Manganese is found in various salts and minerals, commonly in association .
with iron compounds. In mined areas, the consumption of oxygen in the
oxidation of pyrite produces a reducing environment that increases the
concentration of soluble manganese. Dissolved-manganese concentrations
usually persist in streams for greater distances downstream from the source
than do dissolved-iron concentrations (Hem, 1985). This was observed at
Harmon Creek near Hanlin Station (site 33) where numerous abandoned mines are
located throughout the basin. Elevated sulfate concentrations and elevated pH
indicate that a large volume of treated acidic mine water enters the stream
above the site. The average dissolved-iron concentration was low (17 ug/L),
but the average dissolved-manganese concentration was rather high (650 ug/L),
indicating that much of the iron had precipitated out. This was observed at
site 33 in the four base-flow samples collected during the study and in six
samples collected from June 1979 through August 1981 during various streamflow
conditions.
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HYDROLOGIC EFFECTS OF COAL MINING

Surface mining and underground mining of coal have affected ground-water
resources and streamflow, depending on the siting of the mining operation and
the geology of the area.

Aquifers in the overburden are affected by surface-mine operations
causing water supplies from wells to be reduced or eliminated, as evidenced by
declining water levels and wells going dry. In areas of mine spoils and
refuse piles, infiltration of precipitation causes rapid weathering of
minerals and the production of AMD, which has a low pH and contains elevated
concentrations of iron, manganese, sulfate, and dissolved solids. The AMD
commonly flows into nearby streams and local aquifers. In the area of surface-
mining, the water. from these mine spoils also extends the period of increased
base flow compared with areas of little or no mining activity.

In areas of underground mine operations, water resources are affected
when fractures in the bedrock are connected with aquifers and streams. These
effects depend on the thickness between the underground mine operation and the
overlying water resource, and on the permeability of the overburden material.
Overburden of large thickness and low permeability will minimize the effects
of deep mining on overlying water resources.

Ground-Water Quantity

Known Hydrologic Effects

Water levels in mined areas

Water levels were measured in domestic water wells located over
underground coal mines to ascertain the effects of coal mining on the domestic-
ground-water supply. A room and pillar mine (generally uncollapsed roof rock)
is about 350 ft below the town of Hickory. Water levels in 25 Hickory wells
showed no recognizable decline from past mining during the 3 years of
measurement. However, premining water-level data were not available to
compare with the post-mining water-level data collected during the study.
Underground mining in the Hickory area had ceased approximately 1 year prior
to the beginning of this study.

Water levels in 14 domestic water wells were measured for 3 years in the
partly mined Daniels Run basin (plate 4B). The minimum depth to coal in the
basin is 400 ft. The only domestic well in the Daniels Run basin known to
have gone dry because of mining was well WS 210. This well was 30 ft deep and
in the main valley of the basin. The bottom of the well was about 400 ft
above an active coal mine. According to the well owner, the well became dry
when the roof rock collapsed in the mine.
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Mine inflows

Determining mine inflow is difficult because abandoned mines may be
contributing to mine inflow in an active mine, and commonly the quantity of
this contribution is not known. Furthermore, variations and fluctuations of
mine inflow into an active mine are often not known or reported. The quantity
of mine inflow depends on depth to coal, thickness of the coal removed, mining
methods, rock mechanics, overburden, lithology and structure, and the aquifer
properties. Figures reported to the Pennsylvania Department of Environmental
Resources (Pennsylvania Department of Environmental Resources, Bureau of

Mining and Reclamation, McMurray District Office, oral commun., 1984) of
inflow to mines in, Washington County, ranged from 0.05 to more than
0.7 (ft3/s)/mi2 (cubic feet per second per square mile) of mined area. The

measured mine inflow in the Daniels Run basin was 300,000 gal/d (Vesta Mining
Company, oral commun., 1984), which is about 0.15 (ft3/s)/miZ2 of mined area--
an inflow on the low end of the range.

Simulation of a Mined Basin

The objective of simulating an underground coal mine is to evaluate the.
effect of mining on hydrology in general and on the ground-water supplies
overlying subsurface coal not yet mined.

A three-dimensional computer model (Appendix B) was used to simulate
several possible underground mine situations. Model sensitivity to the
following conditions was studied: :

- aquifers of varying hydraulic conductivity above and below the
mine

- permeability changes caused by fracturing from mine subsidence

- depth to mining

- vertical fracture zones
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Summary of results of the mined-basin simulation

(1) Hydrologic information about the bedrock aquifers beneath the shallow
ground-water system (greater than 150 ft deep) generally is lacking. However,
the geologic and hydrologic characteristics of these deep aquifers control the
effect of deep coal mining on the shallow ground-water system. (2) The
magnitude of the vertical hydraulic conductivity (either preexisting or
induced by mine subsidence) between the shallow aquifers and the mine largely
controls the amount of ground water entering the mine and the effects on the
shallow aquifers. When the vertical hydraulic conductivity was increased by a
factor of four, the mine inflow increased by almost the same factor. (3) The
depth to an uncollapsed mine was a sensitive variable; the ground-water model
indicated that increasing the depth to a mine by 200 ft caused mine inflow to
be reduced by one order of magnitude. (4) The source for most of the ground
water flowing into a mine is the strata overlying it. Model results indicate
that, for a mine situated in excess of 300 ft below land surface, the combined
horizontal and vertical contribution from the regional ground-water system
comprises less than 0.5 percent of the total mine inflow. (5) The shallow
ground-water system may be independent of the underground mining system. If
there are no vertical fracture zones and the mine has not collapsed, .then the
model results indicate that there would be a poor connection between the
shallow aquifer and the mine when the vertical hydraulic conductivity is low
and the vertical distance between the shallow aquifer and the mine exceeds
about 250 ft. Drawdown of head in shallow aquifers and reduction in base flow
of overlying streams because of mining may be minimal, but drawdowns of head
in deeper aquifers closer to the deep coal mine may be significant (200 to
300 ft vertical distance). Varying the values of the hydrologic factors of
the shallow aquifers (such as recharge, stream drainage, ground-water flow
entering from surrounding basins) had little effect on the amount of mine

inflow. Increased ground-water recharge because of mine subsidence fractures
may also offset the detrimental effects of the head drawdown in the shallow
aquifers and reduction of stream base flow. (6) Location and amount of mine

- inflow determines how much and where the shallow aquifer system will be

affected. If mine inflow is distributed evenly over a large area, drawdowns
in the shallow aquifer system will be distributed evenly in the area over the
mine; however, if the mine inflow is localized, such as at mine collapsed
areas and fracture zones, the effects of mining on the shallow ground-water
system will also be localized. The greater the amount of water flowing into a
mine, the greater will be the drawdown of head in the shallow aquifer system.
(7) Drawdown of the head in the shallow aquifers did not vary according to
topography but was distributed evenly when an uncollapsed mine was postulated
to be about 250 ft below land surface in the main valley. However, in the
area over a collapsed mine, drawdowns of head in the wvalley wells may be
smaller than those in hillside wells because the increased fracturing allows
ground water to move more easily from the hillsides to discharge areas in the
valley streams.
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Ground-Water Quality in Mined Areas

In order to document any changes underground mining might have on ground-
water quality, ground water should be sampled several years before mining,
during mining, and several years after mining. Premining and postmining
sampling should include periods of above-average, average, and below-average
recharge. Establishment of a premining water-quality data base is necessary
in order to compare it with the during- and postmining collected data.

The premining, during-mining, and postmining samples necessary to
determine the water-quality changes caused by mining could not be collected
during this investigation. However, evaluation of the ground-water-quality
data suggests the predominant water types for mined areas are the same as .
Subgroup IA (calcium bicarbonate chloride-type water and calcium magnesium
bicarbonate sulfate-type water) and Group I (calcium bicarbonate-type water)
of figure 15. Sulfate concentrations in Subgroup IA exceed USEPA RMCLs and
are caused by aquifers containing coal beds with abundant pyrite.

Stoner and others (1987) report that well owners in Greene County
reported an objectionable sulfur odor and an iron taste in their water during
and after underground mining. Where mining lowers water levels in wells, iron
and manganese in the shallow aquifer system may be oxidized. Water quality
may be -degraded by increased concentrations of iron, manganese, sulfur, and
dissolved solids.

Surface Water in Mined Areas

The hydrologic effects of coal mining on streamflow can be significant,
depending on the section of the stream being measured and the stream’s
location with respect to the mining operation. .Other variables that can
individually or collectively affect the streamflow as a result of mining
include the geology, depth and type of mining, and the vertical distance
between the stream and mine.

Streamflow and water quality of two small basins during 1983-85 were
compared to understand the hydrologic effects of coal mining on surface-water
quantity and quality. Brush Run basin (site 25), in west-central Washington
County, was in the unmined section of the county, and Daniels Run basin
(site 11), in southeastern Washington County, was in a partly mined section of
the county. The drainage areas of the Brush Run and Daniels Run basins were
10.3 and 8.47 mi2, respectively. The topography, geology, land-use, and
geographical shape of both basins are similar. Precipitation amounts recorded
in both basins throughout the study also were similar (table 4).
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‘Streamflow

Continuous streamflow data were collected at a gaging station in each
basin throughout 1983-85, and the data are in data reports for Pennsylvania
published annually by the U.S. Geological Survey (1983, 1984, 1985). High and
low base flow seepage-run data were collected throughout both basins on five
separate occasions and are reported in tables 11 and 12. Daniels Run and
Brush Run basins were divided into the subbasins shown in figures 19 and 20,
respectively. Figure 19 also shows the type and extent of underground mining
in the Daniels Run basin. On all five seepage runs, the data were collected
on one day for one basin and on the next day for the other basin, and there
was no appreciable amount of precipitation during the 3 days prior to each
run. Most stream discharges were assumed to be from ground-water discharge
and not to include overland runoff. '

Data collected on October 19 and 20, 1982, best represent very low base-
flow conditions in both basins. Conversations with permanent residents in
both basins indicated that late summer and fall of 1982 was one of the driest
periods experienced within the last 10 years. Stream discharges at the Brush
Run mainstem sites (sites 8, 12, 25) progressively increased downstream.

Stream discharges at the Daniels Run main stem sites (sites 5, 8, 14, 17,
20, 11) both increased and decreased downstream and the total stream discharge
at the gaging station (site 11) was 0.253 ft3/s or 0.030 (ft?/s)/mi2 (table
12). From site 5 to site 8, the main stem discharge decreased 46 percent, and
from site 17 to site 20, the main stem discharge decreased 13 percent. Figure
19 shows that mines underlie both of these main stem sections of the stream. -
A gradual decrease in streamflow from site 8 to where the tributary at site 9
entered the main stem was observed in the field. About 500 ft downstream from
site 9, the main stem streamflow completely disappeared. The main stem
streambed remained completely dry for about 1.3 mi until the tributary at site
10A entered the main stem. Contribution of streamflow from other tributary
sites gradually increased streamflow in the main stem to site 17, but from
site 17 to site 20, streamflow again decreased. Water losses in the mainstem
sections were all attributed to underground mines. Complete water loss near
site 9 on the main stem was attributed to mine collapse and rock fracturing as
a result of longwall mining in that area of the basin. Water loss between
sites 17 and 20 appeared to be caused by retreat mining in the lower part of
the basin. Low-base-flow discharge data collected on June 23, 1983, and
November 9, 1984, in Daniels Run also show a streamflow loss in the main stem
in the area of longwall mining. Discharge measurements made on June 23, 1984,
at additional main-stem sites between tributary sites 9 and 10 confirmed a
streamflow loss in that specific reach. These data are not listed in table
12. High-base-flow data collected on April 13, 1984, and April 24, 1985,
indicate that Daniels Run gained water in the area located over the longwall
mine. The increased ground-water discharge to the stream during high base
flow probably masked the stream discharge lost to the mine or to subsurface
strata.

71



cL

Table 11,--Seepage-run discharge data collected in the subbasins throughout Brush Run

[miz, square miles; fta/s, cubic feet per second; (fta/s)/mlz, cubic feet

per second per square mile)

Discharge
Drainage October 20, 1982 June 24, 1983 April 12, 1984 November B, 1984 April 23, 1985
Subbasin area
number mi?y  £t3/s (etd/sy/mZixa07? £t3ss roeedssy/mi?ixao? £edss roeedssy/miZixi072 £tdss (et /sy/miZix1072 £td/s  [(££3/8)/mi)x1072
1 0.46 0.012 2.6 0.139 30.2 0.589 128 0.135 29.3 0,283 61.5
2 .50 .027 5.4 .218 43.6 .806 161 .186 37.2 478 95.6
3 .58 .006 1.0 .155 26.7 .681 117 .132 22.8 305 52.6
4 .20 .009 4.5 .075 37.5 L4411 220 .087 43.5 .194 97.0
5 1.31 .022 1.7 L334 25.5 2.02 154 .392 29.9 .803 61.3
6 .27 .003 1.1 .080 29.6 .377 140 .093 34,4 .180 66.7
7 .67 .018 2.7 .210 31.3 1.07 160 .258 38.5 .513 76.6
18 3.71 .045 1.2 1.09 29.4 4.79 129 1.12 30.2 2,14 57.7
9 .20 .012 6.0 122 61.0 .372 186 .065 32.5 .160 80.0
10 .24 .002 0.8 .045 18.8 .222 92.5 .064 26.7 .095 39.6
11 2,53 093 3.7 .806 31.9 3.60 142 .904 35.7 1.46 57.7
12 7.38 .154 2.1 2,35 31.8 9.56 130 2.30 31.2 4,78 64.8
13 .40 .004 1.0 105 26.2 .609 152 .109 27.2 .246 61.5
14 .96 .011 1.1 286 29.8 1.20 125 .312 32.5 .658 68.5
15 .54 .022 4.1 . 133 24.6 .526 97.4 .112 20.7 .359 66.5
16 .36 .001 .3 177 49,2 .227 216 .086 23.9 .320 88.9
125 10.3 189 1.8 2.99 29.0 13.4 130 3.25 31.6 6.52 63.3

1Ma1nabem sites.
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Table 12.~-Seepage~run discharge data collected in the subbasins throughout Daniels Run

[miz, square miles; fta/s, cubic feet per second; (ftals)/miz, cubic feet
per second per square mile; <, less than]

Discharge
Drainage October 19, 1982 June 23, 1983 April 13, 1984 November 9, 1984 April 24, 1985
Subbasin area
number mi2y  £ed/s roeedssy/miZixio72 £edss (etdssy/miZ1x1072 ££3/s ((£td/s)/milIx1072 £tdss (oetdssy/mi?1x107% £t/ [oeed/s)/mi21x1072
1 0.36 0.010 2.8 0.065 18.0 0.512 142 0.067 18.6 0.136 37.8
2 .25 .012 4.8 062 25.0 .269 108 ,067 26.8 .105 42,0
3 .23 0 0 057 24.8 .100 43, .021 9.1 063 27.4
4 .38 .008 2.1 .104 27.4 .392 103 .085 22.4 .218 57.4
15 1.84 .050 2.7 .489 26.6 1.93 105 442 24.0 .797 43.3
6 .22 .004 1.8 080 36. 4 4h4 202 .036 16.4 .176 80,0
7 .26 0 0 024 9.2 .24 86. .053 20,4 .095 36.5
lg 2.22 .027 1.2 .552 24.9 2.71 122 .380 17.1 1.00 45.0
9 45 014 3.1 .100 22.2 .881 196 .050 1.1 .319 70.9
10 11 0 0 .002 1.8 .082 74, <.001 <.9 044 40.0
10A .29 024 8.3 077 226.6 -- -- -- -- -- --

1 8.47 .253 3.0 2.18 25.7 1.4 135 2.02 23.8 5.02 59.3
12 .97 .039 4.0 .216 22.3 1.39 143 245 25.3 630 64.9
13 1.09 019 1.7 . 264 24.2 1.37 126 .168 15.4 .570 52.3

1y, 5.15 .055 1.1 1.09 21.2 6.06 118 .756 14.7 2,90 56,3
15 13 0 0 .002 1.5 080 61, DRY DRY .029 22.3

16 .26 .097 37:3 .265 102 476 183 .362 139 654 252

17 5.67 .186 3.3 1.35 23.8 7.35 130 1.26 22.2 3.83 67.5
18 .10 .001 1.0 017 17.0 132 132 .040 40.0 .056 56.0
19 -- 0 -- - - -- - -- - --

15 6.21 .162 2.6 1.62 26.1 8.61 139 1.37 22.1 3.26 52.5
21 .79 017 2.2 .209 26.4 1.12 142 186 23.5 .703 89.0
22 .70 .028 4.0 152 21.7 .933 133 .108 15.4 .351 50.1
23 1.63 041 2.5 .324 19.9 1.92 118 .235 14.4 .975 59,8
24 2.20 .054 2.4 .636 28.9 3.33 151 518 23.5 1.64 4.5

lﬂainstem sites,

231te eliminated by a mine shaft.



[} 1
80°07'30" 80105

R

40°07'30"—
-'A/.

EXPLANATION

ALL COAL EXTRACTED
FZA Longwall mined

%] Room-and-pillar mined with
pillars removed

COAL-PILLARS REMAINING

Room and pillar mined

~— Border of pumped area
===3Border of unpumped area
——BASIN BOUNDARY |
—u..— SUBBASIN BOUNDARY

SUBBASIN NUMBER AND

*25 | MEASUREMENT SITE ,
~ /0 0.5 1 MILE
/ L 1 i
>y ; t
i A 0 1 KILOMETER |

Ao Figure 19.--Subbasins and mined areas in Daniels Run basin.

74



80°25° 80°20'
40°15'+

40°12'30" +

0 0.5 1 MILE
{ ! ] |

0 1 KILOMETER
EXPLANATION

—-— SUBBASIN BOUNDARY
—.-— BASIN BOUNDARY

.8 SUBBASIN NUMBER AND
MEASUREMENT SITE'

Figure 20.--Subbasins in Brush Run basin.

75



The large streamflow contribution to Daniels Run from the tributary at
site 16 resulted from pumping ground water that entered the deep mines into
the tributary. 1If the stream discharge at site 16 was replaced by the
stream discharge of site 2 (subbasins 2 and 16 are of equal size), the
discharge at the mouth of the basin (site 11) on October 19, 1982, would be
0.020 (ft3/s)/mi2. This compares very closely with the stream discharge
at the mouth of the unmined Brush Run basin on October 20, 1982, which was
0.018 (ft3/s)/mi2. When this same type of adjustment was made to Daniels Run
outflows on three of the other four seepage runs, the discharge values for
Daniels Run were equal to or slightly less than those for Brush Run. In
comparing the outflow discharges of the Daniels Run and Brush Run basins, the
deep-mining operations in Daniels Run did not substantially lower the
streamflow during base flow, assuming that Brush Run basin is a typical
unmined basin that reflects premining hydrologic conditions. Underground
mining did affect the streamflow in the middle and lower parts of the basin.
However, -the streamflow lost because of mining in the middle and lower parts
of the basin reappeared downstream as ground-water discharge and was part of
the outflow at site 11.

Water Quality

Eleven water-quality samples were collected at site 25 on Brush Run and
at site 11 on Daniels Run, and the results of the analyses are given in

Appendix G. None of the subbasins within the two basins were sampled
individually and the samples reflect the water quality at the outflow site of
each basin. All samples were collected during base-flow conditions, ranging

from a very low base flow in October 1982 (0.189 ft3/s in Brush Run and
0.253 ft3/s in Daniels Run) to a high base flow in April 1984 (13.4 ft3/s in
Brush Run and 11.4 ft3/s in Daniels Run). Figure 21 shows the maximum,
. minimum, and mean concentrations of selected constituents, most of which are
indicators of mine drainage.

The pH was above neutral in both basins, ranging from 7.8 to 8.5 in Brush
Run and from 7.9 to 8.7 .in Daniels Run. Alkalinity was elevated in both
basins, ranging from 140 to 190 mg/L in Brush Run and from 140 to 270 mg/L in
Daniels Run. The elevated alkalinity of Daniels Run is attributed, in part,
to natural stream alkalinity and also to excess alkalinity as a result of
chemical neutralization of acid mine water, particularly from subbasin 16.
The alkalinity in both basins appears to be high enough to neutralize moderate
amounts of mine drainage entering the streams.

There is a significant difference in the range of dissolved solids
concentrations of both basins. In Brush Run the range was from 245 to
307 mg/L. The mean concentration was 266 mg/L. In Daniels Run the range was
from 305 to 2,680 mg/L. The mean concentration was 1,000 mg/L. The four
highest dissolved-solids concentrations coincided with the four lowest stream
discharges at both sites. This generally is typical of natural streams
because dilution from increased runoff decreases the dissolved-solids
concentration. However, the range of dissolved-solids concentrations during
base-flow conditions generally is more like the narrow range for Brush Run
than the wide range for Daniels Run. The elevated dissolved-solids
concentrations in Daniels Run are attributed to treated mine-water discharges
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entering the stream above site 11. Sulfate, sodium, and chloride are the
constituents mainly responsible for the elevated dissolved-solids

concentrations in Daniels Run.

Sulfate concentrations in Brush Run ranged from 40 to 58 mg/L and
averaged 49 mg/L. Sulfate concentrations in Daniels Run ranged from 83 to
950 mg/L and averaged 310 mg/L, indicating a substantial amount of mine
drainage in the stream at the sampling site.

Sodium and chloride ions are present in all natural waters, but
concentrations generally are low. Exceptions occur when streams receive
inflows from sources such as saline ground water or industrial wastes. The
broad range and elevated concentrations of sodium and chloride ions in Daniels
Run are attributed to saline water that is pumped from the deep mines into

tributary streams.

The maximum and average fluoride concentrations in Daniels Run were
greater than those in Brush Bun, but were less than 1.0 mg/L. The
concentration of fluoride in most natural water, with a total dissolved-solids
concentration less than 1,000 mg/L, is less than 1 mg/L (Hem, 1985, p. 122).
The slightly elevated fluoride concentrations in Daniels Run are attributed to
deep-mine discharges into tributary streams.

The range and average concentrations of dissolved and total iron were
similar in both basins; however, the range and average concentration of
dissolved iron were slightly higher in the unmined Brush Run basin. Most of
the dissolved iron in the mine water being discharged into Daniels Run is
assumed to be removed by treatment prior to being discharged into the
tributary streams or into the main stem. There is no visual evidence that
ferric hydroxide [Fe(OH),], or "yellow boy," precipitates out in any of the
tributary streams or in the main stem.

The average and maximum dissolved-manganese concentrations in Daniels Run
were about double those in Brush Run. Dissolved-manganese concentrations
usually persist in streams for greater distances downstream from a contaminant
source (such as mine drainage) than do iron concentrations (Hem, 1985, p. 88).

Concentrations of other constituents, such as calcium, magnesium,
potassium, and silica differed very little between the two streams. Although
biological sampling of the streams was not an objective of the project and was
not performed, the aquatic environment of Daniels Run did not appear to be
threatened by mine drainage entering the stream. Visual observation indicated
that the minnow and the crayfish populations in the stream were extremely
large. There also was evidence of a fairly diversified macroinvertebrate

population on the stream bottom.
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CONCLUSIONS

Much of the water-resources information collected in Washington County
during this study can be used as baseline data for choosing sites for future
water-resource development and for determining changes in water conditions,
particularly in the unmined area of the county. About 69 percent of county
residents are served by public water-supply systems, and 99 percent of the
water for public supply systems comes from rivers, streams, and reservoirs.
The Monongahela River is the source of greater than 78 percent of the water
for the public supplies. Data for 1984 indicated that the public water-supply
systems provided an average of 24.2 Mgal/d. Thirty-one percent of the county
residents depend on wells, springs, and cisterns for their water supply.

The five principal water-bearing units being tapped for ground-water
supplies are in the Greene, Washington, Waynesburg, Uniontown, and Pittsburgh
Formations. The mean reported yield of the five formations ranges from
8.8 gal/min in the Pittsburgh Formation to 15 gal/min in the Uniontown
Formation. Depths tc water generally are shallow in valleys and increase
beneath hilltops. Annual water-level fluctuations usually range from less
than 3 ft beneath valleys to about 13 ft beneath upland draws.

The 7-day, 10-year low-flow discharge for the 35 surface-water sites
ranged from 0.0 to 0.055 (ft3/s)/mi?2. A low-flow-frequency analysis indicates
that sites in the south-central and southwestern part of the county had the
lowest low flows per square mile, whereas sites in the eastern and northern
parts of the county had the highest low flows.

The major ground-water-quality problems throughout the county are
elevated concentrations of iron, manganese, and dissolved solids. Minor
ground-water-quality problems include elevated concentrations of fluoride,
chloride, and sulfate. Chemical water types change along the ground-water
flow path from calcium bicarbonate type in predominantly hilltop settings to
sodium chloride type in valleys. Residence time and complex chemical reaction
are the controlling factors for the changes in water types.

Streamwater quality generally was poorest in northern and eastern
Washington County where most of the active and abandoned coal mines are
located. Sulfate concentrations were used as an indicator of AMD because the
sulfate ion does not readily precipitate after natural or induced
neutralization.

Stream alkalinity exceeded 50 mg/L at 33 of the sites, indicating that
those streams probably would have a neutralizing affect on most acid inflow.
The neutralization capacity of the streams also was evident in stream pH,
which exceeded 6.5 at all 33 sites.

The poorest water quality was measured on Robinson Run at McDonald
(site 31) and Raccoon Creek at Raccoon (site 32). Both of these streams drain
areas containing numerous active and abandoned mines, and AMD has greatly
deteriorated the stream quality.
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The hydrologic effects of coal mining on surface-water quantity and
quality were shown specifically by comparing the unmined Brush Run basin with
the mined Daniels Run basin. Streamflow measurements were made during base-
flow conditions at numerous sites in each basin. Streamflow in the main stem
of Brush Run progressively increased downstream, indicating little, if any,
water loss in the main stem channel. On the contrary, streamflow in the main
stem of Daniels Run first decreased and then increased downstream, indicating
a definite water loss in the upper part of the main stem channel. The
decrease in streamflow occurred in areas with underground mines, and the
decrease was greatest where longwall mining had taken place.

Comparison of water-quality samples collected during base-flow conditions
at the outflow site of Brush Run and Daniels Run showed that, although Daniels
Run is affected by AMD, the water-quality degradation is not significant.

The ground-water-flow model of the unmined Brush Run basin shows that
about 95 percent of the total ground-water recharge is retained in the top 80
to 110 ft of bedrock, and that less than 0.1 percent of the total amount of
ground water recharged is lost to the regional flow system. The model also
shows that the hydrologic characteristics of the regional flow system can vary
considerably but have very little effect on the shallow aquifers that supply
water to almost all domestic wells.

The simulated mined model of the Brush Run basin shows that the wvertical
hydraulic conductivity (either- existing or induced by mine subsidence) between
the shallow ground-water system and the mine, and mine depth largely control
the amount of ground water entering the subsurface mine and the effects on the
shallow aquifers. The model also indicates that an increase in the depth of
mining (room-and-pillar mining, no pillar extraction) from 200 to 450 ft below
land surface would cause mine inflow to decrease by one order of magnitude.
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APPENDIX A.--DETAILS OF HYPOTHETICAL UNMINED-BASIN MODEL

Flow Model and Results

Simulation of an Unmined Basin

A three-dimensional finite difference computer flow model (McDomald and
Harbaugh, 1984) was utilized to simulate general premining ground-water flow
and to estimate the hydrologic effects of a hypothetical coal-mine operation.
The model is used to calculate the hydraulic head in an aquifer at specified
locations under steady-state-flow conditions. This is achieved by solving a
series of steady-state differential equations of ground-water flow, which

require that the hydraulic properties, boundaries, and inflow and outflow be .

defined for the modeled area.

On the basis of model results in adjacent Greene County (Stoner, 1983),
steady-state ground-water flow can be simulated within the fractured
sedimentary rock aquifer systems. This model contains known hydrologic
factors and estimates of poocrly known factors. The model is calibrated by
comparing the output of the simulated flow system with the known hydrologic
data of the real ground-water flow system (such as hydraulic head, mine

inflow, stream discharge, etc.). Input characteristics to the model (such as
vertical and horizontal hydraulic conductivity) are then adjusted until a
similitude is achieved: When this is achieved, the model is considered

calibrated and can be used to simulate hypothetical stresses on the aquifer
systems.

This calibrated model is known as the "hypothetical unmined-basin model,"
because of (1) the lack of sufficient and comprehensive hydrologic data,
(2) the large variability of the data collected, and (3) the limited data base
describing the regional flow system. If more data were available, model
calibration could have been improved, and model reliability would have been
enhanced. ‘

Known Hydrologic Variables

The known hydrologic wvariables used to calibrate and evaluate the model
include water levels from domestic wells (hydraulic head), vertical hydraulic
gradients, aquifer properties, and base-flow discharge to the stream. Water
levels from 40 domestic wells (35 to 150 ft deep) in the basin were used to
calibrate the model. Well inventory in the county showed that most head
fluctuations were less than 20 ft, although some heads fluctuated as much as
50 ft because of ground-water pumpage and natural discharge and recharge.

Few measured heads are available for deep aquifers in Washington County.
Table Al shows the water-level and well-bottom altitudes for seven deep wells
in Washington and Greene Counties. Water well WS-825 is the only deep well
within Brush Run basin. Data reported by Piper (1933) were used to evaluate
computer-generated heads in the lower layers of the model. The condition of
the wells and the accuracy of the water-level measurements given by Piper
(1933) are not known; therefore, these data were used only as estimates of
head in deep aquifers in the county. ‘
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Deep and shallow domestic wells located in close proximity were used to
determine a range of vertical gradients. The gradient was calculated by
dividing the difference between water-level altitudes by the difference
between tops of well-opening altitudes. The results indicate the following
ranges of vertical head gradients by general topographic setting: (1) 0.07 to
0.73 ft/ft (feet per foot) beneath hilltops (from six well pairs); (2) 0.55 to
-0.04 ft/ft beneath hillside wells (from eight well pairs); (3) 0.56 to
-0.14 ft/ft beneath upland valleys (from three well pairs); (4) 0.05 to
-0.79 ft/ft beneath valleys (from three well pairs). A positive gradient
indicates downward ground-water flow; negative gradient indicates upward
ground-water flow.

Aquifer tests done in Washington County show that the hydraulic .
conductivity of aquifers in the same topographic setting and in the upper
175 ft of bedrock can differ by as much as three orders of magnitude (see
table 7). The hydraulic conductivity of aquifers in Greene County (Stoner and
others, 1987) have a similar variation. This wide variation in hydraulic
conductivity is attributed to the variation in size and number of fractures in
the rocks tested. Therefore, results from the aquifer tests can only be used
as a guide in selecting hydraulic-conductivity values for the model.

Data from five seepage runs were used to evaluate model results. For a
seepage run, stream discharge was measured at 17 stations in the basin when
ground water was the dominant source of streamflow. These data were checked
against the model streamflow output for model calibration and reliabilicty.
The stream discharge measured during a seepage run on April 23, 1985, was
deemed representative of the runs during high base flow and was used for
calibration.
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Details of the Model

Introduction

The 10.2-mi2 Brush Run basin was divided into 291 cells, each 1,000 ft by
1,000 ft in size (fig. Al). This grid size provides a fair representation of
"actual conditions. However, in some places the topographic relief was
somewhat subdued by the model because of the large grid size.

The head of the local ground-water system generally parallels the shape
of topography and is simulated by layers 1 and 2 of the model. Figures A2 and
A3 show geologic sections A-A’' and B-B’, respectively, across Brush Run basin
and how the computer model simulates the same sections. The unsaturated zone
above layer 1 1s not simulated in the model. Layer 1 and the top of layer 2
of the model cut across the Washington, Waynesburg, Uniontown, and Pittsburgh
Formations, and follow the topography. The bottom of layer 2 follows the
bedding of the Pittsburgh Formation. Layer 1 is simulated as an unconfined
aquifer, whereas layer 2 is a confined aquifer.

The ground-water flow of the regional (deep) ground-water system is
assumed to follow the bedding of the formations, from the major watershed
divides to the major river systems, and is simulated by the confined aquifers
of layers 3 and 4 in the model (figs. A2 and A3). Layers 3 and 4 simulate the
lower 30 ft of the Pittsburgh Formation and the upper 600 ft of the Conemaugh

Group.
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Boundaries of the model

The boundary conditions used for the layers in the model are important in
simulation of this flow system and interpreting model results; therefore, the
boundaries for each layer are discussed. The uppermost surface of the model
is assumed to be a free-surface and a specified flux boundary (fig. A4). The
free-surface boundary represents the water table. Flux is the volume of fluid
per unit time crossing a unit cross-sectional surface area. 1In this case, the
flux across the uppermost surface is considered uniform in space and constant
with time and is, therefore, a specified flux boundary. The effects of
topography, land use, and so forth, on recharge rates to the unconfined
aquifer were not considered in the model. Layer 1 of the model represents an
unconfined aquifer 80 to 110 ft thick that follows a subdued topography. Well..
inventory data suggest that depth to ground water on hilltops is about 40 ft,
on hillsides is about 20 ft, and in the valleys is about 10 ft. The top of
layer 1, as generated by the computer model, generally follows the water table
surface described by the well inventory.

It is assumed that the local ground-water system is strongly influenced
by the drainage basin divides while the regional ground-water system is
controlled by geology. Therefore, the lateral boundary for the local ground-
water system is located at the drainage divide of the Brush Run basin and is
assumed to be a no-flow boundary (fig. A4). At the edge of the basin ground-
water flow 1s assumed vertical, and therefore, no ground water flows across
the basin divide. The basin divide is, therefore, a no-flow boundary. ‘

The altitude of the bottom of layer 1 (also equal to the top of layer 2)
~.was determined from a topographic map. An average land-surface altitude for
each cell was determined from a 7 1/2-minute U.S. Geological Survey
topographic map. The bottom of layer 1 was determined by subtracting the
estimated depth to water (according to topographic setting) and thickness of
layer 1 (70 ft) from the average land-surface elevation for each cell.
Therefore, the altitude of the bottom of layer 1 was determined by subtracting
from the land-surface elevation: 110 ft (40 + 70) for hilltop cells, 90 ft
(20 + 70) for hillside cells, and 80 ft (10 + 70) for valley cells.

The boundaries of the bottom of layer 2 and of layers 3 and 4 follow
geologic structure. The bottom of layer 2 is equal to the top of layer 3.
The thickness, in feet, of each cell in layer 2 is shown in figure AS.
Layer 3 represents the bottom 30 ft of the Pittsburgh Formation and the upper
20 ft of the Conemaugh Group. Therefore, the Pittsburgh coal bed is near the
center of layer 3. Layer 4 simulates 600 ft of the Conemaugh Group. The
upper boundary of layer 4 is equal to the bottom of layer 3.

The lowermost boundary of the modeled basin is assumed to be a mo-flow
boundary (fig. A4). The base of the model lies 900 to 1,200 ft below the land
surface. The model shows that less than 0.02 percent of the total ground-
water recharge enters the lowest layer of the model (layer 4).

Head-dependent flux boundaries are used to simulate ground-water flow in
the regional flow system (layers 3 and 4) (fig. A4). The direction and amount
of flux across a head-dependent boundary is contingent on, and proportional
to, the head difference across the boundary. The regional flow system
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Figure AS5.-~Thickness of layer 2 in each cell of

unmined-basin model.
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encompasses those aquifers that carry most of ground-water flow between
basins. Ground water in this deep system is thought to flow laterally along
the rock layers from areas of recharge to discharge areas. Therefore, the
direction of ground-water movement in these layers is dependent on the ground-

water head.

The head-dependent boundaries (fig. A6) on the eastern side of the basin
related to the cropping out of the Pittsburgh Formation and Conemaugh Group.
The outcrops of the formations may be areas of recharge or discharge,
depending on the head difference between the Brush Run basin and the elevation
of the outcrop. For layer 3, the head-dependent flux boundary on the eastern
side of the basin is related to outcropping of the Pittsburgh Formation,
located about 5 mi from the Brush Run basin at an elevation of 1,100 ft above .
sea level. The horizontal hydraulic conductivity of the rocks between the
outcrop and the basin was estimated to be 0.01 ft/d to account for the
increased permeability of coal near the land surface. The head-dependent flux
boundaries (fig. A6) on the eastern side of layer 4 of the model are based on
the cropping out of the Conemaugh Group. The Conemaugh Group crops out about
6 mi to the east at an elevation of 1,000 ft above sea level. The horizontal
hydraulic conductivity of the rocks between the basin and the outcrop was
estimated to be 0.0003 ft/d and is based on data and a model published by
Stoner and others (1987).

The head-dependent flux boundaries for the regional flow system (layers 3
and 4) that are on the western side of the basin are related to the Ohio River
Valley. The Ohio River is the area of discharge for the regional flow system.
The Ohio River is about 13 mi to the west of Brush Run basin -at an elevation
of 650 ft. The horizontal hydraulic conductivity of the rocks between the
basin and the Ohio River for layer 3 was estimated to be 0.0l ft/d to account
for the permeability of the Pittsburgh coal bed. The horizontal hydraulic
conductivity of layer 4 was estimated to be 0.0005 ft/d. A no-flow boundary
exists where a head-dependent boundary is not present, such as on the northern
and southern sides of the model, where regional flow is in easterly and
westerly directions. '

Recharge

In a steady-state condition, the average annual ground-water discharge is
equal to the average annual ground-water recharge to the basin. Therefore,
the stream hydrograph from Brush Run was separated into baseflow and runoff
(using a modified computer program published by Pettyjohn and Henning, 1979)
for 2 typical years to determine the amount of ground-water contribution. An
average of the computed ground-water discharges of these 2 years (8.5 in/yr)
was used as recharge and was evenly distributed over layer 1 of the model.
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Streams (drains)

Streams of the Brush Run basin are represented in the model as drains
because almost all seepage-run data showed that streams are gaining water
(aquifers are discharging ground water into the streams). The hydraulic
conductivity of the stream-aquifer interface controls the amount of water
flowing into the stream (drain)!. The hydraulic conductivity of the interface
represents the flow restriction caused by the vertical hydraulic conductivity
in layer 1, converging flow lines, and vertical and horizontal hydraulic
conductivity of the alluvial deposits. During model calibration, the
hydraulic conductivity of the stream-aquifer interface was varied until the
computer-generated heads matched the measured heads and until seepages were
matched.

Hydraulic conductivity

Hydraulic conductivity of the bedrock aquifers represented in the model
is assumed to be dominantly caused by stress-relief fractures. The horizontal
hydraulic conductivity is assumed to decrease from valley to hilltops and with
increasing depth. The vertical hydraulic conductivity also is assumed to
decrease with depth because of the decrease in the number of vertical
fractures with depth. In the deep-aquifer system, this would cause ground
water to flow mostly along horizontal bedding-plane fractures from recharge
areas to discharge areas.

Horizontal hydraulic conductivity for layer 1 of the model was varied
according to the topographic setting (fig. A7). The cells in the Brush Run
basin were classified by topographic setting as hilltop, hillside, or wvalley.
Horizontal hydraulic conductivities were varied during model calibration until
the computer-generated heads matched measured heads. The overall match was
best when hilltop cells were assigned a horizontal hydraulic conductivity of
0.6 ft/d, hillside cells a hydraulic conductivity of 0.4 ft/d and valley
cells a hydraulic conductivity of 2.0 ft/d.

Aquifer test results indicate that horizontal hydraulic conductivity
decreases from valley sites (2.0 ft/d) to hillside sites (1.0 ft/d) to hilltop
sites (0.6 ft/d). However, because ground-water of the hillside cells must
flow across the bedding planes (fig. A7), a reduced horizontal hydraulic
conductivity of 0.4 ft/d was used, and this provided the best overall match
with the measured heads.

The hydraulic conductivity for cells in layers 2, 3, and 4 of the model
depends on the depth from the top of layer 1 and the topographic setting above
the cell. The horizontal hydraulic conductivity decreases with depth because
of the decrease in number of fractures with depth. The best overall fit of
the model was achieved when the values for horizontal hydraulic conductivity
of layer 1 were decreased at a rate of one order of magnitude per 175 ft of
depth for the three topographic settings (fig. A8). A minimum hydraulic
conductivity of 5 X 10 6 ft/d was used for all topographic settings.

1The DRAIN subroutine, not the RIVER subroutine, was used in the model of

McDonald and Harbaugh, 1984.
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The depth from land surface to the center of the cell and the relation
between depth and K (fig. A8) was used to determine the horizontal hydraulic
conductivity. Each cell represents a multiaquifer system with decreasing
horizontal hydraulic conductivity with depth. For modeling purposes, this
system can be replaced by a single aquifer with an equivalent horizontal
hydraulic conductivity. This equivalent hydraulic conductivity is
approximately equal to the hydraulic conductivity calculated for the center of
the cell.

The transmissivity for the confined aquifers represented in layers 2, 3,
and 4 was calculated by multiplying horizontal hydraulic conductivity by
thickness of the cell. The altitude of the top of layer 2 is wvariable
according to topography, but its bottom follows geologic structure.
Therefore, thickness of layer 2 depends on topography and structure, as can be
seen in figures A2 and A3. The thickness of layer 3 is a constant 50 ft, and
the thickness of layer 4 is 600 ft.

Vertical anisotropy

The anisotropy in the vertical direction, which is defined as the ratio
of the horizontal hydraulic conductivity (K ) to vertical hydraulic
conductivity (K ), increases with depth. The magnitude of the anisotropy
depends on the number of vertical fractures, interconnection between
fractures, lithology, and stratigraphy. The anisotropies that gave the best
overall model fit were 40 for layer 1, 125 for layer 2, 150 for layer 3, and
200 for layer 4. The anisotropy for layer 1 is low because of the great
number of vertical fractures found in near-surface rocks, as evidenced by
rises in water levels.in shallow wells after a recharge event. The anisotropy
for layers 2 and 4 is related to a thick sequence of interbedded sedimentary
rocks. The anisotropy of layer 3 is controlled mainly by the thick underclay
found under the Pittsburgh coal bed.

Model results

All measured water levels were within 70 ft of the computer-generated
heads, and the model was able to match measured heads within 40 ft for 32 of
the 40 wells measured in the basin (fig. A9). In some places, measured heads
were higher than computer-generated heads because the grid size used in the
model was too large to depict all the hilltops. This discretization problem
caused some of the basins’ steep topography to be overly subdued in the model.
In other places, measured head may reflect recent pumpage and not actual
water-table conditions, or measured head may reflect perched aquifers on
hilltops, which the model was not designed to simulate.

Heads in the lower layers of the model were similar to the heads shown in
table Al. When the measured head of well WS-825 was corrected for a depth
equal to that of layer 2 using a vertical gradient of 0.3 ft/ft, the
difference between the computer-generated head and calculated head was less
than 15 ft. Computer-generated heads of layers 3 and 4 were similar to the
heads reported by Piper (1933) as shown in table Al.
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Vertical gradients of the model fell within the range of gradients
determined from well inventory. Vertical gradients, determined from well
inventory pairs, are reported in the section on known hydrologic variables.
Model-simulated vertical gradients between layers 1 and 2 were within the
range of gradients measured in the county.

Computer-generated discharges were within 10 percent of the measured
discharges of the seepage run of April 23, 1985, except in the main valley.
Alluvial deposits in the main valley of the basin can modify stream discharge
by storing and releasing ground water. The model was not designed to simulate
the storage and release of water in these alluvial deposits, which may explain
why the modeled discharges for the main valley differ from measured discharges
by more than 10 percent.

A ground-water budget of the model was done to quantify ground-water flow
(fig. A10). Recharge to layer 1 of the model was 100 percent of the ground
water entering the basin. In layer 1, 100 percent of the total ground water
was discharged to the streams. Ground-water flow into layer 2 from layer 1
was 3.9 percent of the total ground-water budget flow, and the same amount
returned to layer 1. Only 0.1 percent of the ground water entered layer 3
from layer 2 and 0.1 percent returned to layer 2. 1In layer 3, less than
0.1 percent of the ground water left the basin across the head-dependent flux
boundaries and discharged to the east at the outcrops of the Pittsburgh
Formation and Conemaugh Group and to the west at the Ohio River Valley.
Ground-water flow in layer 4 accounted for less than 0.1 percent of the ‘water

budget.

The budget shows that 96 percent of recharge to the ground-water system
in the basin remains in the shallow aquifers of the basin, and the regional
ground-water flow system has little or no effect on the shallow ground-water
system. Less than 0.1 percent of ground-water recharge leaves the basin
through the regional aquifer system.

Figures All to Al4 show a three-dimensional portrayal of the computer-
generated head of each layer of the model. Also shown beneath the three-
dimensional surface is a contour map of the head.

The relief of the head in each layer of the model generally decreases
with increasing depth and follows a subdued topography (except in layer 4,
which follows the structural dip to the west). The greatest relief of head is
seen in layer 1 (fig. All).
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