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To obtain SI units
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To convert degree Fahrenheit (°F) to degree Celsius (°C)

5/9 x (°F - 32) - °C

National Geodetic Vertical Datum of 1929 (NGVP of 1929); A geodetic datum 
derived from a general adjustment of the first-order level nets of both the 
United States and Canada, formerly called "Mean Sea Level."
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EFFECTS OF SURFACE COAL MINING AND RECLAMATION ON THE GEOHYDROLOGY OF SIX 

SMALL WATERSHEDS IN WEST-CENTRAL INDIANA

By Jeffrey D. Martin, Richard F. Duwelius, and Charles G. Crawford

ABSTRACT

Six small watersheds in west-central Indiana were selected for study of 
the hydrologic effects of surface coal mining and reclamation. The watersheds 
include mined and reclaimed; mined and unreclaimed; and unmined, agricultural 
land uses, and are each less than 3 square miles in area. Surface-water, 
ground-water, and meteorologic data for the 1981 and 1982 water years were 
used to describe and compare hydrologic systems of the six watersheds and to 
identify hydrologic effects of mining and reclamation.

Discharge at the unreclaimed watersheds was continuous during the study 
period, whereas discharge at the other watersheds was intermittent and more 
variable. Peak discharges were greater at the agricultural watersheds than at 
the unreclaimed watersheds, primarily because of large final-cut lakes in the 
unreclaimed watersheds. Annual runoff was greatest at the unreclaimed water­ 
sheds, intermediate at the agricultural watersheds, and least at the reclaimed 
watersheds.

Hydrologic effects of mining were identified by comparing the hydrologic 
systems at mined and unreclaimed watersheds with those at unmined, agricul­ 
tural watersheds. Comparisons of the hydrologic systems of these watersheds 
indicate that surface coal mining without reclamation has the potential to 
increase annual runoff, base flow, and ground-water recharge to the bedrock; 
reduce peak flow rates and variation in flow; lower the water table in upland 
areas; change the relation between surface- and ground-water divides; and 
create numerous, local flow systems in the shallow ground water. "

Hydrologic effects of reclamation were identified by comparing the hydro- 
logic systems at mined and reclaimed watersheds with those at mined and unre­ 
claimed watersheds. Reclamation has the potential to decrease annual runoff, 
base flow, and recharge to the bedrock; increase peak flow rates, variation in 
flow, and the response to thunderstorms; reestablish the premining relation 
between surface- and ground-water divides; and create less local flow systems 
in the shallow ground water.

Hydrologic effects of mining and reclamation were identified by comparing 
the hydrologic systems at mined and reclaimed watersheds with those at un­ 
mined, agricultural watersheds. The presence or absence of a large final-cut 
lake in the reclaimed watershed greatly influences the hydrologic systems and 
the effects of mining and reclamation. Surface coal mining and reclamation 
have the potential to decrease annual runoff, base flow, and peak flow rates; 
increase the variability of flow and recharge to the bedrock; reestablish the 
premining relation between surface- and ground-water divides; and lower the 
water table in upland areas.
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INTRODUCTION

Purpose and Scope

The purposes of this report are to (1) describe and compare the surface- 
and ground-water systems of six small watersheds in the coal-mining region of 
Indiana, (2) identify and discuss the effects of surface coal raining and rec­ 
lamation on the geohydrology of these six watersheds, and (3) discuss poten­ 
tial geohydrologic effects of mining and reclamation on small watersheds in 
west-central Indiana.

The study watersheds include mined and reclaimed; mined and unreclaimed; 
and unmined, agricultural land uses and are each less than 3 mi^ (square 
miles) in area (fig. 1). A continuous-record, streamflow-gaging station; at 
least one continuous-record, precipitation gage; and at least one continuous- 
record, ground-water well were installed in or near each watershed. One cli­ 
mate station was established at Daggett in the vicinity of the six watersheds 
(fig. 1). Forty-seven wells finished in unconsolidated deposits and 20 wells 
finished in bedrock were installed in or near the watersheds.

Hydrologic and meteorologic data for the 1981 and 1982 water years are 
used to describe the surface- and ground-water systems of the study water­ 
sheds. Temperature and precipitation data are compared to 30-year averages 
(1951-80). Annual, daily, and instantaneous discharge characteristics are 
compared between water years and among watersheds. Precipitation-runoff rela­ 
tions are compared on annual, monthly, and storm-event time intervals. Uhcon- 
solidated and bedrock aquifers, flow systems, and ground-water/surface-water 
relations are described. Differences and similarities in the surface- and 
ground-water systems at these six watersheds are used to infer potential 
hydrologic effects of surface coal mining and reclamation on small watersheds 
in west-central Indiana. Surface- and ground-water quality are not 
discussed.

Previous Studies

Most studies of the hydrologic effects of surface coal mining in Indiana 
emphasized the effects of mining on water quality, primarily surface-water 
quality (Corbett and Agnew, 1968; Corbett, 1969; Wilber and others, 1980, 
1985; Peters, 1981; Wangsness and others, 1981a, 1981b, 1983; Zogorski and 
others, 1981; Wangsness, 1982; Wilber and Boje, 1982). Few studies attempted 
to investigate the effects of mining on the quantity of water. A summary of 
some studies on the effects of surface coal mining on water quantity in the 
Interior and Appalachian Coal Provinces follows.
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The U.S. Geological Survey conducted one of the first studies of the 
hydrologic effects of surface coal mining in the rugged, forested terrain of 
the Beaver Creek watershed in eastern Kentucky (Collier and others, 1970). 
Runoff characteristics from 1955 to 1966 for two small watersheds (less than 
1 mi^) were compared. Peak flows were greater in the watershed containing 
10.4 percent mined land than in the unmined watershed. The unmined watershed 
had greater magnitude and duration of low flows. Annual totals and monthly 
distributions of runoff were similar for both watersheds. Water impoundments 
created by mining provided recharge to ground water in the mine spoil.

Curtis (1978) studied the effects of mining and reclamation on the hy­ 
drology of small, mountain watersheds in eastern Kentucky and western West 
Virginia. Peak flow rates were 3 to 5 times greater in active or recently 
mined watersheds than in unmined, forested watersheds. Data from these same 
watersheds showed that peak flow rates in mined watersheds after reclamation 
were less than those from unmined watersheds. Curtis (1978) attributed the 
reduction in peak flows to the establishment of vegetation on the reclaimed 
mine spoil.

Brabets (1984) compared the surface-water characteristics of seven small 
watersheds (1.46 to 18.4 mi^) in Illinois and concluded that mined and unre­ 
claimed watersheds have greater base flows and less flow variation than un­ 
mined, agricultural watersheds. In addition, unreclaimed watersheds have 
lower peak discharges, lower storm runoff volumes, less runoff during wet 
months, and more runoff during dry months than unmined, agricultural 
watersheds.

The first study of the hydrologic effects of mining in Indiana was con­ 
ducted in the Pataka River watershed, an extensively mined, unglaciated area 
in southwestern Indiana. Gorbett (1965) measured the flow in numerous streams 
during the summer and fall drought of 1964 and found that streams draining 
mined areas had flow whereas those draining similar or larger unmined areas 
were dry. Watersheds with flow ranged from 0.5 to 71 mi2 in size and surface 
mining comprised 8.7 to 86.7 percent of the watershed area. Corbett (1965) 
concluded that mine spoil has a large capacity to store water and that the 
storage capacity of spoil may reduce flood flows as well as increase base 
flows.

The effects of mining on the hydrology of small watersheds are inconsist­ 
ent between coal provinces but show regional similarities. In the forested, 
steep terrain of eastern Kentucky and western West Virginia, mining increased 
peak flows and decreased base flows, whereas in the flatter, agricultural coal 
fields of Illinois and Indiana, mining decreased peak flows and increased base 
flows. The discrepancy in results illustrates the need for site-specific 
information and the hazards of extrapolating conclusions from one area to 
another.
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Study Area and Watersheds

Clay, Owen, Sullivan, and Vigo Counties comprise the study area in west- 
central Indiana (fig. 1). The study area contains Pennsylvanian bedrock which 
is covered by Illinoian till. Landforms are predominantly wide, flat flood 
plains in the lowland areas and broad, rolling plains in the upland areas. 
Soils are deep and are very slowly to moderately permeable. Precipitation 
averages about 39.5 in/yr (inches per year), about one-third of which runs off 
as streamflow. Outwash and alluvium are the principal sources of ground water 
in the area although some wells in till or bedrock supply enough water for 
domestic use. Most of the land is used for agriculture, primarily row-crop 
corn and soybeans or pasture. A description of the geology, geomorphology, 
soils, climate, hydrology, water use, land use, population, and coal-mining 
history of the study area is given in Martin and others (1987).

Six watersheds were selected to compare the hydrologic systems of mined 
and unmined watersheds. All watersheds are located within a 12-mile radius 
(fig. 1). The proximity of the watersheds minimizes variations in weather, 
geology, soils, and other physical conditions. Small watersheds were selected 
because most coal is mined in small watersheds and information on the hydrol­ 
ogy of small watersheds is scarce. Two of the six watersheds were selected as 
controls and represent agricultural land use, the most common land use in the 
study area. The remaining four watersheds represent types of mined watersheds 
that occur in Indiana, both reclaimed and unreclaimed. Detailed information 
on the morphology, geology, soils, land use, and coal-mining history of each 
study watershed is given in Martin and others (1987). A brief description of 
each watershed follows.

Big Slough and Hooker Creek are streams that drain unmined, agricultural 
watersheds (fig. 1). Row-crop corn and soybeans are the principal crops. 
Soils are moderately well-drained silt loams and the watersheds have well- 
developed dendritic drainage systems.

Unnamed tributary to Honey Creek and unnamed tributary to Sulphur Creek 
are streams that drain mined and reclaimed watersheds (fig. 1). Ridges of 
mine spoil have been graded to a gently rolling topography. Soils are well 
drained and consist of 6 to 12 in. (inches) of silt-loam topsoil that had been 
stockpiled and then replaced over shale and sandstone fragments of the graded 
mine spoil. Both watersheds are beginning to develop incised drainage 
systems. Unnamed tributary to Sulphur Creek watershed contains a final-cut 
lake at the outlet of the watershed. A final-cut lake results when the last 
pit in a coal mine is not filled with spoil and graded to a somewhat level 
topography but is allowed to fill with water. Grasses and legumes form the 
vegetative cover in each watershed. The vegetative cover is dense at unnamed 
tributary to Sulphur Creek watershed and is sparse at unnamed tributary to 
Honey Creek watershed.

Pond Creek and unnamed tributary to Big Branch are streams that drain 
mined and unreclaimed watersheds (fig. 1). Approximately one-half of Pond 
Creek watershed is unmined, agricultural or forested land. Soils are very 
well-drained, shaly silty loams that have formed on steep-sloping spoil banks. 
Both watersheds contain numerous impoundments of water from past surface
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mining. Drainage systems are complex with many enclosed areas that do not 
contribute surface runoff to streamflow. The ridges of mine spoil are covered 
with pine trees but the surface of the spoil is mostly devoid of vegetation.

In order to reduce wordiness and repetition, the word "unnamed" has been 
dropped from the stream and watershed names. For example, unnamed tributary 
to Sulphur Creek is hereafter referred to in the text as Sulphur Creek tribu­ 
tary. The name refers to either the stream or watershed, depending on the 
context of use. References to the watershed in the report refer to the drain­ 
age areas above the gaging stations. The full names are used in the tables 
and figures. Further, to remind the reader of the predominant land use in 
each watershed, a short identifier follows the watershed name in the tables, 
figures, and at selected places in the text. The land-use identifiers are: 
(Unmined), unmined, agriculture; (Reclaimed), mined and reclaimed; and 
(Unreclaimed), mined and unreclaimed.

Methods of Investigation

Temperature and other meteorological variables were measured from October 
1980 to June 1983 at the climatological station established for the study in 
Daggett (fig. 1). Precipitation and discharge were measured in the six water­ 
sheds at 5-minute intervals from October 1980 to June 1983. Discharge at Big 
Branch tributary was measured at 15-minute intervals. At least one 
continuous-record, float-type rain gage was installed in or near each water­ 
shed. Big Slough and Hooker Creek were equipped with two rain gages. 
Continuous-record, discharge gages were installed on each stream. The gaging 
stations at Big Slough (03360109 Big Slough near Cory), Hooker Creek (03342110 
Hooker Creek near Lewis), and Pond Creek (03360125 Pond Creek near Coal City) 
are located on the stream banks and have natural controls. V-notch weirs were 
installed at the outlets of final-cut lakes in Sulphur Creek tributary 
(03342167 Unnamed tributary to Sulphur Creek near Hymera) and Big Branch trib­ 
utary (03342219 Unnamed tributary to Big Branch near Hymera). A Parshall 
flume was installed at Honey Creek tributary (03341568 Unnamed tributary to 
Honey Creek near Cory).

Twenty wells were installed in bedrock and 47 wells were installed in 
unconsolidated deposits. Wells installed in bedrock were drilled using mud- 
rotary methods, cased with 5-in diameter polyvinyl chloride casing, and 
sealed. The remainder of the hole was airhammered and left open. Wells in­ 
stalled in unconsolidated deposits were drilled with a hollow-stem auger, 2-in 
and 4-in diameter casings and screens were set, and the holes were backfilled 
with pea gravel around the screen or drill cuttings for the remainder of the 
hole. Water levels were measured continuously at 11 wells from December 1980 
to May 1983 and were measured intermittently at 56 wells from October 1980 to 
September 1983. Daily hydrologic and meteorological data and a complete des­ 
cription of the instrumentation and methods of data collection are given in 
Renn and others (1985).

-6-



Hydraulic conductivities given in this report were estimated from slug 
tests using the method of Bouwer and Rice (1976, p. 424-425). Values of 
hydraulic conductivity from this method compared favorably with those from the 
methods of Skibitzke (1958) and Cooper and others (1967).

Although data were collected for part of the 1983 water year, only data 
collected during the 1981 and 1982 water years were analyzed in this report. 
A water year is a 12-month period that begins October 1 and ends September 30, 
and is named for the calendar year in which it ends (Langbein and Iseri, 1960, 
p. 21). For example, the 1981 water year is the period October 1, 1980 
through September 30, 1981.

GEOHYDROLOGY OF STUDY WATERSHEDS

Temperature

Air temperature is measured at eight National Weather Service climatolog- 
ical stations in and near the study area (fig. 2). The Bowling Green and 
Ellisten cltmatological stations do not measure temperature. Mean annual 
temperature for the 30-year period 1951-80 ranged from 52.1 °F (degrees 
Fahrenheit) at Indianapolis to 55.6 °F at Crane Naval Depot. The average of 
the mean annual temperature at the eight climatological stations shown in 
figure 2 is 53.2 °F. January is usually the coldest month and July is usually 
the warmest month (fig. 3).

Annual mean temperature at Daggett was 51.8 °F for the 1981 water year 
and 50.1 °F for the 1982 water year. Both water years were cooler than the 
30-year mean annual temperature at the climatological stations in and near the 
study area. Annual mean temperature at the eight climatological stations 
ranged from 51.2 to 55.5 °F for the 1981 water year and from 50.0 to 54.0 °F 
for the 1982 water year. Annual mean temperature was warmer during the 1981 
water year than the 1982 water year at all climatological stations.

Monthly mean temperatures for December, January, February, April, and 
June during the 1982 water year were substantially colder than during the 1981 
water year (fig. 4). Monthly mean temperature for May during the 1982 water 
year was substantially warmer than during the 1981 water year. Monthly mean 
temperatures for the remaining months were approximately the same for both 
water years. January, April, and June of the 1982 water year were markedly 
colder than the 30-year mean monthly temperatures (figs. 3 and 4).

Freezing temperatures occurred from late October to late March in the 
water year 1981 and from late October to mid-April in the 1982 water year 
(fig. 5). Frequent periods of thawing occurred during both winters.
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 01

TEMPERATURE, IN DEGREES FAHRENHEIT TEMPERATURE, IN DEGREES FAHRENHEIT
-III

W

i

CD '
H- a 
P P HI H»- 
P .H-
a vi

ro p. 
< 3

S a» P 
P a
S 3

- 
§ 5
 3 g
a S

Q4 tfl

JL P o **
^ a
^K n> oo
a» »
2. S
S o 00 p

P 5

CO O

oooooooooooooo oooooooooooooo



Precipitation

Mean annual precipitation at 10 National Weather Service climatological 
stations in and near the study area ranged from 38.1 in. at Terre Haute to 
44.1 in. at Crane Naval Depot during the period 1951-80 (fig. 2). No pattern 
is apparent in the distribution of mean annual precipitation. The average of 
the-mean annual precipitation at the 10 climatological stations is 41.3 in.

Precipitation at Spencer and Terre Haute climatological stations is fair­ 
ly evenly distributed throughout the year, with adequate amounts during the 
growing season (fig. 3). Monthly precipitation is usually greatest in June or 
July and is usually least in February, January, or October. Mean monthly 
precipitation is about 0.5 in. more at Spencer than at Terre Haute.

Annual precipitation in the study watersheds ranged from 31.4 to 41.4 in. 
for the 1981 water year and from 36.8 to 49.2 in. for the 1982 water year 
(table 1). The large ranges illustrate the spatial variability of precipita­ 
tion. Even in watersheds with two rain gages, the difference in annual pre­ 
cipitation at the two gages ranged from 0.5 to 3.8 in. For watersheds with 
two rain gages, the average precipitation measured at the two rain gages is 
used as the best estimate of precipitation in that watershed.

All watersheds except Honey Creek tributary received more precipitation 
in the 1982 water year than in the 1981 water year (table 1). Annual precip­ 
itation for the 1981 water year in the six study watersheds was generally less 
than the 30-year mean (41.3 in.), but annual precipitation for the 1982 water 
year was generally greater than the 30-year mean. Annual precipitation at the 
10 climatological stations ranged from 34.7 to 48.8 in. (average 43.4 in.) 
for the 1981 water year and from 38.0 to 52.1 in. (average 46.9 in.) for the 
1982 water year.

Monthly precipitation at each of the six watersheds was greatest in May 
and least in January for the 1981 water year and was greatest in May (July at 
Big Slough) and least in October or November for the 1982 water year (fig. 8). 
The 1981 water year was significantly drier in December, January, and March 
but was wetter in April and May than the 1982 water year. July and September 
were generally drier in the 1981 water year than in the 1982 water year, but 
this trend was not observed at all watersheds because of the variability of 
t hunderstorms.

Record snowfall (58.2 in.) was measured at the Indianapolis climatologi­ 
cal station from November 1981 to April 1982 (U.S. Department of Commerce, 
1982b). Mean annual snowfall at Indianapolis is 22.9 in. (U.S. Department of 
Commerce, 1982b). A significant snow cover at the watersheds was verified by 
several field visits during the winter of the 1982 water year. Although a 
snow cover was also present during the 1981 water year, the cover was not as 
frequent or deep as that during the 1982 water year.

Somewhat similar patterns of the occurrence and magnitude of daily pre­ 
cipitation are apparent at each of the six watersheds (figs. 6a-f).
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Surface Water

The flow of water can be described by a variety of technical terms and 
expressed in many different units of measure (Langbein and Iseri, 1960; U.S. 
Geological Survey, 1977, p. 1-4, 1-5). The distinction among terms often is 
subtle and can lead to confusion. In this report, runoff is used to describe 
the yield of a watershed and is expressed as inches of water over the water­ 
shed. Discharge is used to describe the flow rate measured at the gage and is 
expressed in cubic feet per second per square mile to compare watersheds of 
different sizes. Expressing discharge on an area basis is useful for compar­ 
ing different size watersheds but is not entirely without compromise. Peak 
discharge per area commonly is inversely proportional to watershed area 
(Gregory and Walling, 1973, p. 197).

Annual Mean Discharge

Annual mean discharge at the six watersheds ranged from 0.433 to 1.83 
(ft3 /s)/mi2 (cubic feet per second per square mile) (table 1). For the 1981 
water year, Pond Creek and Big Branch tributary had the largest annual mean 
discharge, Honey Creek tributary and Sulphur Creek tributary had the smallest, 
and Big Slough and Hooker Creek had intermediate annual mean discharge. 
Groupings based on annual mean discharge for the 1982 water year were somewhat 
different. Honey Creek tributary still had the smallest discharge, Big Branch 
tributary still had the largest discharge, but the annual mean discharge at 
Sulphur Creek tributary and Pond Creek were more similar to those at Big 
Slough and Hooker Creek (table 1).

Annual mean discharge was associated with annual precipitation to the 
extent that, for each watershed, the water year with the greatest mean dis­ 
charge also was the water year with the greatest precipitation. However, 
linear regression using data from all watersheds failed to find a statistical­ 
ly significant relation between annual mean discharge and annual precipita­ 
tion. Lack of a significant relation indicates that differences in annual 
mean discharge are not entirely explained by differences in annual 
precipitation.
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Table 1. Annual precipitation and annual mean discharge

Annual mean 
discharge1

Annual (cubic feet 
precipitation per second per

(inches) square mile) 
Drainage                      
area 1981 1982 1981 1982 

(square water water water water 
Watershed miles) year year year year

Big Slough 2.70 41. A A2.1 0.809 1.38 
(Unmined)

Hooker Creek 2.72 36.5 46.1 .871 1.28 
(Unmined)

Unnamed tributary to Honey .11 37.3 36.8 .448 .433 
Creek (Reclaimed)

Unnamed tributary to Sulphur .21 31.4 44.1 .556 1.12 
Creek (Reclaimed)

Pond Creek near 1.97 39.1 49.2 1.11 1.44 
(Unreclaimed)

Unnamed tributary to Big .32 35.8 39.8 1.30 1.83 
Branch (Unreclaimed)

1 Annual mean discharge is the average of 365 daily mean discharges.
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Daily Mean Discharge

Hydrographs

Similar patterns of high flows among the watersheds result from similar 
patterns of precipitation and other climatic influences (figs. 6a-f). 
Similarities are especially evident during periods of regional frontal storms 
(November through May) and snowmelt (January through March). Patterns of peak 
flows from June through September are less similar because of the spatial 
variability of thunderstorms. Flows typically are greatest at Big Slough and 
Hooker Creek and are least at Big Branch tributary.

Major differences among the watersheds are evident in low flows and in 
hydrograph shape. Pond Creek and Big Branch tributary continually flow. The 
other watersheds had no flow at some time during both water years. The 
recession limbs of the hydrographs for Sulphur Creek tributary, Pond Creek, 
and Big Branch tributary are more extended than those for the other 
watersheds (figs. 6a-f). The extended recession limbs graphically illustrate 
that after, a storm, runoff decreases at a much slower rate at Sulphur Creek 
tributary, Pond Creek, and Big Branch tributary than at the other watersheds. 
The extended recessions are probably associated with the final-cut lakes and 
other water impoundments which collect and delay surface runoff in these 
watersheds. Additional information on zero flow and hydrograph shape is 
contained in the sections "Extremes" and "Watershed Response."

Discharge duration

Discharge-duration curves are cumulative frequency curves that show 
discharges that are equaled or exceeded a certain percentage of the time. The 
slope of the curve indicates the variability of flow. Steeply sloping curves 
indicate highly variable discharge, whereas moderately sloping curves indicate 
relatively stable discharge. Duration curves (fig. 7) were calculated from 
730 daily mean discharges during the 1981 and 1982 water years.

Two groups of curves in figure 7 are apparent on the basis of slope and 
the point where each curve intersects (or fails to intersect) the X-axis. 
Duration curves for Pond Creek and Big Branch tributary indicate that dis­ 
charge was continuous and less variable than discharge at the other water­ 
sheds. Discharge at the other watersheds was intermittent. Periods of no 
flow occurred about 2 percent of the time at Big Slough, about 24 percent of 
the time at Hooker Creek, about 76 percent of the time at Honey Creek tribu­ 
tary, and about 21 percent of the time at Sulphur Creek tributary. The large 
percentage of no-flow days at Honey Creek tributary is characteristic of 
ephemeral streams that only flow during and immediately after storms or snow- 
melt. Hooker Creek was dry more frequently than Big, Slough, probably because 
of transpiration from the greater amount of riparian forest along Hooker 
Creek.
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Big Slough 
(Unmined)

Hooker Creek 
(Unmined)

Unnamed tributary 
to Honey Creek 
(Reclaimed)
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(Reclaimed)
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(Unreclaimed)
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PERCENTAGE OF TIME DAILY MEAN DISCHARGE WAS EQUALED OR EXCEEDED

Figure 7.   Duration curves of daily mean discharge, 
1981 and 1982 water years.
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Two other groups of curves in figure 7 also are apparent on the basis of 
discharge that is equaled or exceeded 1 percent of the time. Daily mean dis­ 
charge equaled or exceeded 1 percent of the time at Big Slough and Hooker 
Creek was 22.4 and 28.2 (ft3 /s)/mi2 , respectively, whereas the 1-percent dis­ 
charge at the other watersheds ranged from 9.80 to 13.1 (ft3 /s)/mi2 . Median 
discharge (discharge equaled or exceeded 50 percent of the time) at Pond Creek 
and Big Branch tributary was 2.4 to almost 13 times greater than the median 
discharge at Big Slough, Hooker Creek, and Sulphur Creek tributary. Median 
discharge at Honey Creek tributary was 0.00 (ft3 /s)/mi2 .

Extremes

The five maximum and minimum daily mean discharges at each watershed for 
the 1981 and 1982 water years illustrate the extreme flow characteristics 
(table 2). The five highest daily mean discharges were usually greater at Big 
Slough and Hooker Creek than at the other watersheds. The five highest daily 
mean discharges at Honey Creek tributary, Sulphur Creek tributary, Pond Creek, 
and Big Branch tributary are similar in magnitude. Nearly all of the high 
flows in the 1981 water year occurred during the heavy frontal storms of May 
and June. Precipitation on frozen soil and (or) snowmelt caused most of the 
high flows to occur during January and February in the 1982 water year 
(figs. 5, 6a-f, and table 2). Intense thunderstorms during July and September 
caused some of the largest high flows during the 1982 water year, but few high 
flows were observed during the simmer of the 1981 water year (figs. 6a-f and 
table 2).

Honey Creek tributary had the greatest number of no-flow days, followed 
by Hooker Creek, Sulphur Creek tributary, and Big Slough (table 2). Low flows 
for Pond Creek and Big Branch tributary were similar during both water years. 
Low flows generally occurred during late simmer and fall and occasionally 
during winter.
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Runoff

Annual runoff and water loss

Annual runoff was greatest at Big Branch tributary and least at Honey 
Creek tributary for both water years (table 3). The relative magnitudes and 
patterns of annual runoff are the same as the magnitudes and patterns of 
annual mean discharge (table 1) because discharge and runoff are the same 
quantities expressed in different units of measure.

Annual runoff coefficients attempt to account for the effect of precipi­ 
tation on runoff. The annual runoff coefficient is the annual runoff express­ 
ed as a percentage of the annual precipitation. Incorporating differences in 
precipitation in the amount of runoff did not appreciably change results based 
on runoff alone. The unreclaimed watersheds had the greatest runoff, the 
reclaimed watersheds had the least runoff, and runoff at the agricultural 
watersheds was intermediate. An exception to this pattern was during the 1982 
water year when Big Slough had a larger runoff coefficient than Pond Creek 
(table 3).

Annual runoff expressed as a percentage of annual precipitation averaged 
55.5 percent at Big Branch tributary, 39.5 percent at Pond Creek, 35.5 percent 
at Big Slough, 35.3 percent at Hooker Creek, 29.2 percent at Sulphur Creek 
tributary, and 16.6 percent at Honey Creek tributary.

Annual water loss is the difference between annual precipitation and 
annual runoff. The term "water loss" developed from the concept of runoff as 
the residual precipitation after losses from evapotranspiration. Water loss 
can be used to estimate evapotranspiration in large watersheds where surface- 
and ground-water divides coincide and the flow of ground water beneath the 
gage is negligible (Hoyt and others, 1936; Williams and others, 1940).

In this study, water loss is used to examine the combined effects of 
evapotranspiration and ground-water movement into or out of the watershed. 
Without accurate information on ground-water divides and flow paths, estimates 
of evapotranspiration based on water loss are unreliable. For example, if 
surface- and ground-water divides coincide but a substantial part of the pre­ 
cipitation that percolates to the water table flows out of the watershed be­ 
neath the gage (does not contribute to streamflow measured at the gage), then 
evapotranspiration is overestimated. Another source of uncertainty occurs 
when surface- and ground-water divides do not coincide. For example, if the 
ground-water divides enclose an area substantially larger than the surface- 
water divides, and all of the ground water contributes to streamflow measured 
at the gage, then evapotranspiration is underestimated.
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Annual water loss ranged from 15.1 to 31.0 In. (table 3). Water loss 
during both years was least at Big Branch tributary and was greatest at Honey 
Creek tributary. No relation is evident between water loss and precipitation, 
runoff, or water year. Inspection of the average annual water loss shows that 
Big Slough, Hooker Creek, Sulphur Creek tributary, and Pond Creek have similar 
average water losses (table 3). Honey Creek tributary has approximately 
4.5 in. more water loss than the other four watersheds and Big Branch tribu­ 
tary has approximately 10 in. less water loss than the other four watersheds. 
It is unlikely that differences in evapotranspiration alone account for the 
large differences in water loss in these two watersheds. Hie high water loss 
at Honey Creek tributary is likely caused by ground-water flow beneath the 
gage. Water infiltrates into the soil, percolates to the water table, and is 
discharged downstream of the gaging station. Hie low water loss at Big Branch 
tributary is probably caused by increased streamflow owing to the inflow of 
ground water from areas adjacent to the watershed.

Monthly runoff

Major differences in monthly precipitation and runoff are evident between 
the 1981 and 1982 water years (fig. 8). Precipitation during the 1981 water 
year was greatest during May and least during January and December. Precipi­ 
tation was much more evenly distributed'during the 1982 water year. The major 
part of the annual runoff for the 1981 water year was during May with much 
smaller amounts during the other months. Runoff for the 1982 water year was 
more evenly distributed with the greatest amounts caused by snowmelt in 
January and February or by rainfall in March. The large amounts of runoff 
during July and September were caused by thunderstorms (figs. 6a-f).

As with annual runoff, differences in monthly runoff are apparent among 
watersheds. During May of the 1981 water year, runoff was 2 to 3 in. less at 
Honey Creek tributary and Sulphur Creek tributary than at the other watersheds 
(fig. 8). However, the most noticeable differences in monthly runoff were 
during the low-flow periods from October 1980 through January 1981 and from 
July 1981 through November 1981. Relatively large amounts of runoff were 
recorded during these months at Big Branch tributary and Pond Creek whereas 
much smaller amounts or no runoff were recorded at the other watersheds.

Runoff exceeded precipitation at Big Branch tributary during December, 
January, and June of the 1981 water year and during February and April of the 
1982 water year* The relation between- precipitation and runoff for these 
months could be caused by delayed base flow that originates within the water­ 
shed but probably is additional evidence that ground water enters Big Branch 
tributary from outside of the watershed. Snowmelt during February 1982 caused 
runoff to exceed precipitation at all watersheds except Honey Creek tributary 
(fig. 8).

-26-



co 12
i±j
o 10
z
z
Z*

4
0.
o 2i±j *  
o:
°- 0

co 12
Ld

o 10
Z

z 8

g w 

1 4
CL
o 2
Ld *
o:
°- 0

co 12
Ld

o 10
Z

z 8

g w 

4

o 2
Ld *

1 1 1 1 1 1

_ E3 Precipitation
 I Runoff

~

:0 5

i

ĵ
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Figure 8.   Monthly precipitation and runoff, 1981 and 1982 water 
years. BS, Big Slough (Unmined); HC, Hooker Creek (Unmined); 
HCT, unnamed tributary to Honey Creek (Reclaimed); SCT, 
unnamed tributary to Sulphur Creek (Reclaimed); PC, Pond 
Creek (Unreclaimed); BBT, unnamed tributary to Big Branch 
(Unreclaimed).
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Peak Discharge

The dates of the five largest instantaneous peak discharges (table 4) are 
similar to those of the five largest daily mean discharges (table 2). The 
dates are similar, but not the same, because table 4 shows the maximum dis­ 
charge per 5-minute interval whereas table 2 shows the maximum discharge per 
day. High-intensity, short-duration storms characteristic of thunderstorms 
that typically occur during summer are as likely to cause peak flow rates as 
low-intensity, long-duration storms characteristic of frontal storms that 
typically occur during winter and spring. Five of nine peak discharges great­ 
er than 150 (ft3 /s)/mi2 were caused by thunderstorms (table 4).

The majority of peak discharges during the 1981 water year were caused by 
frequent periods of rainfall on saturated soils during May. The majority of 
peak discharges during the 1982 water year were caused by thunderstorms in 
July and September or by rainfall on frozen soils and (or) snowmelt during 
January and February.

The smallest peak discharges were at Big Branch tributary and Sulphur 
Creek tributary, probably because of the final-cut lakes at the mouths of 
these watersheds. These lakes reduce peak discharge by storing and slowly 
releasing surface runoff. The greatest peak discharges were at Hooker Creek, 
Big Slough, and to a lesser degree, especially during the 1982 water year, at 
Honey Creek tributary (table 4).

Peak discharges for September 1, 1982, at Pond Creek and for February 17, 
1982, at Big Branch tributary are unknown. Record was lost because of a 
recorder malfunction on September 1, 1982, and a frozen stilling well on 
February 17, 1982. The day of the peak and the relative magnitude of the peak 
were estimated by comparing hydrographs with intensities and volumes of 
precipitation.
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Table 4. Instantaneous peak discharge

1981 water year

Peak 
discharge 
(cubic feet 
per second 
per square

Watershed

Big Slough
( Unmined)

Hooker Creek
(Unmined)

-

Unnamed tributary
to Honey Creek
(Reclaimed)

Unnamed tributary
to Sulphur Creek
(Reclaimed)

mile)

155.
123.
111.
111.
93.

155.
17.
94.
84.
68.

163.
109.
72.
67.
54.

57.
22.
13.

6
7
5
1
7

9
6
9
9
0

6
1
7
3
5

1
9
8

10.0

Pond Creek
(Unreclaimed)

Unnamed tributary
to Big Branch
(Unreclaimed)

4.

85.
57.
32.
25.
20.

23.
14.
7.
7.
6.

05

8
9
0
9
3

8
7
81
81
88

Date

July
May
May
May
Aug

May
June
May
Feb
Feb

May
May
Apr
May
June

May
June
May
Feb
Feb

May
May
May
May
Feb

May
June
May
May
May

27
18
30
27
5

27
10
18
10
16

27
18
22
14
9

27
10
18
10
16

27
10
18
15
10

27
10
15
18
10

1982 water year

Peak 
discharge 
(cubic feet 
per second 
per square

Time

1735
0945
0815
0430
1430

0505
0335
0955
1905
1035

0245
0855
2135
2020
2325

"0130
0550
1715
2140
1355

0215
1620
1050
0035
1830

1015
1000
0630
1800
2230

mile)

155
153
151
127
101

251

.

.
.
.
.

m
212.
182 
130.
102

88
80
68
67
42

38
33
31

.

.

.
.
 
 

.
.
.

27.
19.

110.
 
32
32
28

19

!  

.

.

 

 

9
3
5
8
9

1
9
4
9
2

2
0
2
3
7

6
8
4
1
0

7
.-1
5
5
4

7
   1
11
7
7

.

.

.

6
81
50

Date

Sept
June
July
July
Jan

Sept
July
May
Jan
Mar

Sept
Jan
July
Jan
Dec

Sept
Jan
Feb
Jan
Mar

July
Sept
Jan
Feb
Jan

Jan
Feb
Sept
May
Jan

1
7
3
19
23

1
8

29
23
16

1
22
3
30
27

1
31
16
23
19

8
1

31
16
23

31
17
1
29
23

Time

0615
1155
0530
0515
0055

0655
0940
1645
0140
0540

0620
2400
0520
1400
0045

1210
0740
2030
0050
1150

0950
   1
0820
2100
0115

1015
    1
1345
2230
0545

Date and relative magnitude of peak flow rate were estimated.
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Precipitation-Runoff Relations

Storm hydrographs

Eight storms were selected to study the response of runoff to precipita­ 
tion and to compare responses among watersheds. Storms were selected for 
study by using the following criteria: (1) Instantaneous (5-minute interval, 
288 values per day) discharge and precipitation data were available for at 
least five of the six watersheds. (2) Both high-intensity, short-duration 
thunderstorms and low-intensity, long-duration frontal storms would be 
studied. (3) Storms with large volumes of precipitation were most suitable 
for study. (4) Temporal distribution and volume of precipitation during the 
storm were similar among watersheds. On the basis of the above criteria, four 
thunderstorms and four frontal storms were selected. The selected thunder­ 
storms occurred on May 24, 1981 (fig. 9a and table 5a); June 9-10, 1981 
(fig. 9b and table 5b); May 29, 1982 (fig. 9c and table 5c); and September 1, 
1982 (fig. 9d and table 5d). The selected frontal storms occurred on 
May 26-27, 1981 (fig. 9e and table 5e); December 21-22, 1981 (fig. 9f and 
table 5f); January 22, 1982 (fig. 9g and table 5g); and April 16-17, 1982 
(fig. 9h and table 5h).

The greatest amount of precipitation for the eight storms selected for 
study occurred on September 1, 1982, and ranged from 2.26 to 5.26 in. 
(table 5d). The least amount of precipitation for the eight storms occurred 
on May 24, 1981, and ranged from 0.43 to 1.10 in. (table 5a) . Maximum precip­ 
itation intensity occurred during the thunderstorm of September 1, 1982, and 
ranged from 0.28 to 0.52 in. during 5 minutes, from 0.52 to 0.75 in. during 
10 minutes, and from 1.21 to 2.84 in. during 1 hour (table 5d). The smallest 
maximum precipitation intensity for the eight storms occurred during the fron­ 
tal storm of January 22, 1982, and ranged from 0.07 to 0.09 in. during 5 min­ 
utes, from 0.09 to 0.14 in. during 10 minutes, and from 0.27 to 0.35 in. 
during 1 hour (table 5g).

Methods of hydrograph separation typically are used to determine the 
source components of storm runoff (surface runoff, interflow, or ground-water 
flow). A quantitative determination of the source components of storm runoff 
was not attempted because of the confounding effect of the final-cut lakes in 
Sulphur Greek tributary, Pond Creek, and Big Branch tributary watersheds. 
Hydrograph separation was used in this study to determine the total volume of 
storm runoff, regardless of source. Volumes of storm runoff were calculated 
by determining the discharge (base flow) immediately before the initial rise 
of the hydrograph. When discharge returned to base flow, storm runoff was 
assumed to have ceased. If discharge failed to return to base flow before 
another storm occurred, the recession curve and the corresponding volume of 
runoff were estimated. For all cases where estimates were required, the esti­ 
mated volume of storm runoff was less than 5 percent of the total volume of 
storm runoff. The volume of storm runoff is the total volxme'of runoff minus 
the volume of base flow. The time from the initial rise of the hydrograph to 
the instantaneous peak discharge (the first occurrence of the maximum dis­ 
charge if more than one) also was determined for each storm hydrograph.
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Precipitation-runoff volumes

The frontal storms of January 22, 1982, and May 26-27, 1981, generated 
much greater proportions of runoff (volume of runoff divided by volume of 
precipitation, or simply, the runoff coefficient) than the other six storms. 
Average runoff from all six watersheds was approximately 65 and 57 percent of 
precipitation for these two storms, but average runoff only ranged from 27 to 
36 percent of precipitation for the other six storms (tables 5a-h). Runoff 
for the storm of January 22, 1982, occurred after an extended period of freez­ 
ing temperatures when 1.07 to 1.59 in. of rain fell on a cover of snow with 
about 0.10 to 0.31 in. of water equivalent. Snowmelt and reduced infiltration 
because of frozen soil helped cause 34.0 to 95.5 percent of the rainfall to 
run off (table 5g). Large proportions of runoff resulted from the storm of 
May 26-27, 1981, when 2.08 to 3.62 in. of precipitation fell on wet soil. 
Runoff ranged from 35.1 to 81.7 percent of precipitation (table 5e). The 
largest runoff coefficient (95.5 percent) was at Hooker Creek during the storm 
of January 22, 1982 (table 5g). The smallest runoff coefficient (8.3 percent) 
was at Pond Creek during the storm of June 9-10, 1981 (table 5b).

No pattern in runoff coefficients was apparent among watersheds. Rela­ 
tive rankings of watersheds, based on the runoff coefficients, varied widely 
from storm to storm and failed to show consistent differences among water­ 
sheds. The most consistent patterns were at Hooker Creek and Honey Creek 
tributary for three of the eight storms. Hooker Creek had the greatest runoff 
coefficient for three storms and Honey Creek tributary had the smallest runoff 
coefficient for three storms. However, the largest runoff coefficient for at 
least one of the eight storms was at Big Slough, Hooker Creek, Sulphur Creek 
tributary, and Pond Creek. The smallest runoff coefficient for at least one 
of the eight storms was at Hooker Creek, Honey Creek tributary, Pond Creek, 
and Big Branch tributary.

Variations in the relative rankings of watersheds by runoff coefficients 
for the eight storms could not be explained by maximum precipitation intensi­ 
ty, precipitation volume, or the amount of precipitation in the previous 3 or 
7 days (tables 5a-h). lack of a relation between storm runoff coefficients 
and precipitation volume, intensity, antecedent moisture, or watershed indi­ 
cates that the proportion of precipitation that contributes to streamflow 
cannot be determined solely from land use, watershed morphology, precipitation 
volume, maximum precipitation intensity, and (or) antecedent moisture as meas­ 
ured in this study.

Lack of a consistent pattern in runoff coefficients among the six water­ 
sheds indicates that watershed characteristics (morphology, land use, and soil 
and vegetation types) are not necessarily consistent, dominant controls on the 
volume of runoff produced by storms. Differences or similarities in these 
watershed characteristics do not cause obvious differences or similarities in 
runoff volume for these watersheds and storms. Additional factors, such as 
temporal and spatial variations in precipitation distribution, intensity, and 
volume; antecedent soil moisture; and infiltration rate and capacity also 
influence storm runoff. Large differences in infiltration rates and capaci­ 
ties occur over small ranges of soil moisture (Wells and others, 1983, p. 27). 
The effect of a single factor (such as land use) on the volume of storm runoff 
is difficult to discern because of interactions of storm and watershed 
characteristics.
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Watershed response

Storm hydrographs indicate the capability of a watershed to transport 
water on and in the land, through stream channels and lakes, and to the outlet 
of the watershed. Watersheds responsive to storms transport water rapidly and 
are characterized by hydrographs that rise rapidly, have a high peak dis­ 
charge, and return to base flow rapidly. less responsive watersheds transport 
water to the outlet at a slower rate. Hydrographs for these watersheds rise 
slowly to a lower peak discharge and return to base flow more slowly.

Hydrographs for thunderstorms and frontal storms show marked differences 
in response among watersheds (figs. 9a-h). Big Slough, Hooker Creek, and 
Honey Creek tributary respond quickly to precipitation and often have multi­ 
ple, well-defined peaks corresponding to isolated downpours of precipitation 
during the storm (figs. 9a, 9c, 9d, and 9h). Sulphur Creek tributary and Big 
Branch tributary are much less responsive to precipitation. Multiple peaks 
are subdued at Sulphur Creek tributary and are absent at Big Branch tributary 
(figs. 9a, 9c, 9d, and 9h). Pond Creek typically responds more rapidly than 
Sulphur Creek tributary and Big Branch tributary but less rapidly than Big 
Slough, Hooker Creek, and Honey Creek tributary.

Storm hydrographs for Big Slough, Hooker Creek, and Honey Creek tributary 
(figs. 9f and 9g) and for Big Slough (fig. 9a) show minor peaks that do not 
correspond to isolated downpours of precipitation. These minor peaks probably 
indicate interflow, a component of runoff that moves through the shallow satu­ 
rated horizons of the soil and reaches the stream channels more slowly than 
overland flow. Interflow, if present, at Sulphur Creek tributary, Pond Creek, 
and Big Branch tributary is probably obscured by the slow release of surface 
runoff from the surface mine impoundments.

Watershed response, as indicated by the time from the initial rise of the 
hydrograph to the peak discharge, was much faster during thunderstorms than 
during frontal storms (tables 5a-h). Times from initial rise to peak during 
thunderstorms were much faster for Big Slough, Hooker Creek, and Honey Creek 
tributary than for the other watersheds. This indicator of watershed response 
failed to show differences among watersheds for frontal storms, probably be­ 
cause of the long duration of frontal storms. During frontal storms, the 
initial rise in the hydrograph may occur early in the storm whereas peak dis­ 
charge often occurs late in the storm. Honey Creek tributary generally had 
the shortest times from rise to peak whereas the longest times were at Big 
Branch tributary (tables 5a-h).
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Ground Water

General Description of the Ground-Water Systems in West-Central Indiana

Unconsolidated aquifers

The unconsolidated aquifers in west-central Indiana are composed of de­ 
posits of glacial drift of Pleistocene age, alluvium of Holocene age, and 
spoil from coal mining. Drift covers most of the area (Martin and others, 
1987, p. 9) and ranges from less than 50 to more than 100 ft (feet) in thick­ 
ness. The drift is composed of outwash from glacial meltwater, clayey till, 
and small lenses of sand and gravel in till. Glacial drift near streams may 
be reworked to form alluvial deposits. Hydrologic properties of the Wabash 
and Bel River outwash aquifers are described by Martin and others (1987, 
p. 17).

Illinoian till covers most of west-central Indiana and consists of clay 
and silt with minor amounts of sand and gravel. Till is not usually consider­ 
ed to be an aquifer, but because of a normally shallow water table in small 
upland watersheds, the till is commonly a source of water for dug wells. 
Yields of wells in till are low, usually less than 3 gal/min (gallons per 
minute). Aquifer tests in the till indicate decreasing hydraulic conductivity 
with depth. Hydraulic conductivity estimated from 14 slug tests at 12 wells 
ranged from 4x10"4* to 9x10"1 ft/d (feet per day) and the median was 
9xlO~3 ft/d (table 6). Differences in hydraulic conductivity of the till 
could be caused by fractures. Highly fractured zones commonly are found near 
the surface in areas of glacial till, and fractures can increase the bulk 
hydraulic conductivity of till by one to three orders of magnitude (Freeze and 
Cherry, 1979, p. 152). Vertical fractures and thin, horizontal zones of in­ 
creased permeability were observed in trenches dug into the till to examine 
the soil horizons. The fractures and horizontal zones readily produced water 
on excavation of the trenches. The till is recharged by infiltration and 
percolation of precipitation. Relatively high hydraulic conductivity near the 
surface suggests that the majority of the horizontal flow is in the upper part 
of the till. Flow is primarily toward discharge areas along streams although 
some water may enter the bedrock aquifers.

Lenses of sand and gravel within the till are present in some areas. 
These lenses are often small and discontinuous but wells in sand and gravel 
lenses are capable of producing more water than wells in till. Typical yields 
for wells in sand and gravel lenses range from 3 to 10 gal/min (Banaszak, 
1985, p. 52). The lenses of sand and gravel have hydraulic conductivities 
several orders of magnitude greater than the surrounding till and act as con­ 
fined aquifers. Although few lenses of sand and gravel were discovered by 
drilling for this study, their presence in this area has been documented 
(Watkins and Jordan, 1962a, 1962b, 1963, p. 6). Larger, more continuous sand 
and gravel aquifers are often found in bedrock valleys that have been buried 
by glacial drift. Yields from wells in these confined aquifers range from 5 
to 75 gal/min (Banaszak, 1985, p. 52).
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Table 6. Hydraulic conductivity of till, spoil, and
bedrock

[BBT, unnamed tributary to Big Branch (Unreclaimed); 
BS, Big Slough (Unmined); HC, Hooker Creek (Unmined);

HCT, unnamed tributary to Honey Creek (Reclaimed);
PC, Pond Creek (Unreclaimed); SCT, unnamed tributary to

Sulphur Creek (Reclaimed)]

Watershed

BS
BS
BS
BS
BS
BS
BS
BS
SCT
PC
PC
PC

HCT
HCT
HCT
PC
PC
PC
BBT

HC
HC
HC
HC
SCT
SCT
SCT
SCT
SCT
PC
PC
PC

Well 
number

BS-5
BS-7
BS-9S
BS-9M
BS-10S
BS-1CM
BS-10D
BS-11
MR-6
PC-3
PC-4
PC-6S

CR-1
CR-3
CR-5
PC-2S
PC-2M
PC-2D
MU-1

CS-2
CS-3
HC-2
HC-3
MR-2
MR-3
MR-6B
MR-6SS
MR-7
PC-1SS
PC-5
PC-7

Aquifer 
material 1

Till
Till
Till
Till
Till
Till
Till
Till
Till
Till
Till
Till

Spoil
Spoil
Spoil
Spoil
Spoil
Spoil
Spoil

Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock
Bedrock

Calculated hydraulic 
conductivity2 »3 
(feet per day)

6x10-3
4x1 0-1*
8xlO-2 2xlO-1
4x10-3 IxlO-2
4xlO-2
8x10-3
6x10-3
2x1 O-2
4x10-3
4x1 0-2
7x10-3
9x1 0-1

3x1 0-1
7x10-3 IxlO-2
6xlO-2
6x1 0"2
1x10*3
2x10-3
2xlO-2

IxlO-2
3x1 0-2
SxlO"1
IxlO-1
4xlO-2 4xlO-2
3x10-3 4x10-3 6x10-3 9xio~3
2xlO-2 3xlO~2
2x10-3
2x10-** 3x10-** 4x10-3
8x10-3
3xlO-2 2xlO -1
5x10-3

1 Till contains various amounts of sand and gravel.
2 Hydraulic conductivity estimated from slug tests using 

the method of Bouwer and Rice (1976, p. 424-425).
3 Multiple values of hydraulic conductivity at a single 

well result from using different recovery times for 
estimating hydraulic conductivity.

-51-



Spoil from mining coal is a heterogeneous mixture primarily consisting of 
till and shale but commonly contains smaller amounts of soil, siltstone, sand­ 
stone, limestone, and (or) coal. Composition, compaction, and distribution of 
these materials within the spoil are usually highly variable, are largely 
unknown, and have significant effects on the hydrologic properties of the 
spoil. Spoil has greater volume and porosity than the pre-mining overburden 
but may or may not have a greater hydraulic conductivity. Weiss and Razem 
(1984, p. 554) reported values of hydraulic conductivity for spoil in Ohio 
that ranged from 0.3 to 5.4 ft/d, as much as two orders of magnitude greater 
than the pre-mining overburden. L. L. Bobo and S. E. Eikenberry (U.S. 
Geological Survey, written commun., 1980) estimated hydraulic conductivities 
as great as 130 ft/d at the reclaimed mine that contains Honey Creek tributary 
watershed. However, the hydraulic conductivity of spoil estimated for this 
study from eight slug tests at seven wells ranged from 1x10~"^ to 3x10""1 ft/d 
and the median was 1.5x10~2 ft/d (table 6). These values of hydraulic con­ 
ductivity for spoil are similar to those for till.

The large water-storage capacity of spoil has been well documented 
(Corbett, 1965, p-. 1-8; Grubb and Ryder, 1972, p. 32; Agnew and Corbett, 1973, 
p. 164-165; Curtis, 1977, p. 152-153; 1978, p. 18; Cartwright and Hunt, 1981, 
p. 9; Razem, 1984, p. 33; Banaszak, 1985, p. 55). A water table usually 
develops in the spoil, but under various hydrogeologic conditions the spoil 
may remain unsaturated, or nearly so (Lindorff, 1980, p. 35; Razem, 1.984, 
p. 26, 31).

Hydrologic properties of the spoil are influenced by methods of mining 
and reclamation. Area mining employs draglines or large shovels to strip the 
overburden and expose the coal. Stripped overburden is cast in piles where 
coal has been removed. Boulders and gravel may roll to the base of the pile 
and form zones of high hydraulic conductivity. In unreclaimed mines these 
spoil piles are left as they were created. In reclaimed mines the spoil 
ridges are graded to a level or gently rolling surface by bulldozers. Move­ 
ment of heavy machinery compacts the surface layers of the spoil, thereby 
reducing shallow hydraulic conductivity and impeding infiltration. Recharge 
to the spoil is by infiltration of precipitation on the spoil surface, by 
percolation of water from surface runoff that has collected in depressions or 
impoundments above the water table, and (or) by lateral flow from adjacent, 
unmined aquifers. Discharge is generally toward lakes or streams that cut 
below the water table in the spoil, although some water may flow to deeper 
aquifers.

Consolidated aquifers

The consolidated bedrock aquifers in west-central Indiana are primarily 
composed of shale, siltstone, sandstone, coal, and limestone of Pennsylvanian 
age and limestones of Mississippian age (Martin and others, 1987, p. 4). 
Ground water flows in the bedrock primarily in fractures, along bedding 
planes, in the cleats (joints) of coal seams, and in unfractured sandstone 
with sufficient primary permeability (Heath, 1984, p. 44).
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Shales and siltstones commonly are considered confining beds but frac­ 
tures caused by jointing, faulting, or blasting can reduce or destroy the 
confining effect of these rocks and increase their hydraulic conductivities by 
several orders of magnitude. Schubert (1980, p. 64-65) presented compelling 
evidence of fracture-dominated flow in the bedrock of eastern coal-mining 
regions. The size and amount of fractures and, therefore, the hydraulic con­ 
ductivity caused by fractures generally decreases with depth. Based on this 
evidence, fractures probably are also a significant hydrologic control in 
bedrock aquifers of west-central Indiana. Many wells in the study area are 
finished in shale and yield enough water for domestic needs. Water-bearing 
zones also occur along bedding planes and at contacts between different rock 
types (Stoner, 1983, p. 130). tfydraulic conductivity estimated from 20 slug 
tests at 12 wells in bedrock ranged from 2x10"** to 8x10"1 ft/d, and the median 
was 9.5xlO~3 ft/d (table 6).

Up to six basal sandstone members of cyclothems (repetitive cycles of 
deposition) are important aquifers in the study area (Cable and others, 1971, 
p. 5; Cable and Eobison, 1973, p. 9). The sandstone aquifers are either wide­ 
spread, thin but discontinuous beds associated with deltaic deposits or nar­ 
row, thick beds associated with channel deposits. Channel sandstones offer 
greater potential for ground-water yield because of their greater thickness, 
although yields of either type can be less than 1 gal/min. Average yields of 
the various sandstone aquifers range from approximately 3 to 9 gal/min; yields 
rarely exceed 20 gal/min (Cable and others, 1971, table 2, fig. 3). Average 
hydraulic conductivities range from 0.6 to 3.5 ft/d (Cable and others, 1971, 
table 2).

The values of hydraulic conductivity reported by Cable and others (1971) 
are greater than those estimated for bedrock in this study. The differences 
in hydraulic conductivity may be attributed to differences in the methods and 
(or) types of wells used to determine hydraulic conductivity. Cable and 
others (1971) did not report their methods but hydraulic conductivity was 
probably estimated by specific-capacity tests, whereas slug tests (Bouwer and 
Rice, 1976) were used in this study. Cable and others (1971) used water- 
supply wells to determine hydraulic conductivity whereas observation wells 
were used in this study. Water-supply wells are typically cased to the sur­ 
face of the bedrock but casing for observation wells typically extends into 
the bedrock. If fractures are more common at shallow depths, water-supply 
wells would intercept more fractures than observation wells. Finally, because 
of use, water-supply wells usually are developed to a greater degree than 
observation wells.

In addition to basal sandstones, coal seams have been identified as aqui­ 
fers in sections of the cyclothem lacking more permeable strata. Flow in the 
coal seam is along cleats that have developed in the seam. Banaszak (1980, 
p. 236 and 239) discussed the importance of stratigraphy in determining the 
water-bearing potential of shallow coals. To be an aquifer, coal seams must 
be (1) hydr©logically connected (at some point) to permeable strata that re­ 
charges the seam, and (2) associated with a plastic underclay that perches 
ground water in the seam. Both stratigraphic conditions are necessary for the 
development of shallow, perched aquifers in coal seams. If the coal seam is 
part of a deeper, saturated section of the bedrock, the presence of a plastic 
underclay is not necessary. Because coal seams are usually underlain by a 
relatively homogeneous underclay (Whitlatch, 1933, p. 63; Banaszak, 1980,
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p. 236), the presence or absence of a recharging unit is critical in producing 
coal aquifers. Yields of wells in coal seams range from 1 to 10 gal/min 
(Banaszak, 1980, p. 235).

Hydrogeology of the bedrock aquifers is complex and the occurrence of 
perched, unconfined, and confined bedrock aquifers in the same section is 
possible (Banaszak, 1985, p. 52-53). Perched bedrock aquifers occur at shal­ 
low depths where underclays inhibit the downward flow of water. If recharge 
through the underclay is less than discharge from the underlying formation, 
unsaturated areas result. Unconfined bedrock aquifers occur at the outcrop or 
at the subcrop where they are hydrologically connected to the water table in 
permeable unconsolidated deposits. Where the unconsolidated deposits are much 
less permeable than the underlying bedrock, the shallow bedrock aquifers are 
confined. At depth, the bedrock aquifers are confined. Underclay is the 
principal confining strata.

The bedrock aquifers are recharged by direct infiltration and percolation 
of precipitation at the outcrop or through drift or mine spoil at the subcrop 
or by percolation of surface water in upland lakes or depressions. Flow in 
the shallow bedrock is primarily local, with topography controlling the local 
flow systems. Flow paths are relatively short with recharge occurring in the 
uplands and flow discharging to streams that cut near the surface of the bed­ 
rock. Flow deeper in the bedrock is primarily regional and follows the south­ 
west dip of the strata to points of discharge along the Wabash and Eel Rivers 
(fig. 1).

Description of Ground-Water Systems in the Study Watersheds

Big Slough

Information on lithology and stratigraphy at and near Big Slough water­ 
shed was obtained from shallow test holes drilled to bedrock. Approximately 
15 to 45 ft of silty clay till overlies shale and sandstone of the Pennsylvan- 
ian Linton Formation (Martin and others, 1987, fig. 14, p. 36). Fourteen 
observation wells were installed in till and three wells were installed in 
bedrock (fig. 10). Hydraulic conductivity of till measured at eight wells 
ranged from 4x10"** to 2x10"1 ft/d (table 6).
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Figure 10.  Big Slough watershed and data-collection sites.
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Aquifer tests indicated that till near land surface had greater hydraulic 
conductivity than till near bedrock. The majority of horizontal flow probably 
occurs in the upper part of the till because of the greater conductivity of 
this zone. Flow is horizontal in zones of greater permeability toward points 
of discharge but is vertical in zones of lesser permeability toward a zone 
that provides a more permeable pathway to a discharge area. Water-level data 
at a site with multiple wells also indicate greater conductivity in the upper 
till. The distribution of head in the nest of wells at BS-10 (fig. 11) shows 
that most head loss is in the lower zone, whereas little head loss is in the 
upper zone. This pattern of head loss indicates the dominance of the horizon­ 
tal component of flow in the upper till and of the vertical component of flow 
in the lower till.
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The till is recharged by direct infiltration of precipitation to the 
water table, which is usually within 2 to 6 ft of land surface (fig. 12). The 
hydrograph of an upland well, BS-4 (fig. 13), shows a seasonally fluctuating 
water table that is generally recharged in winter and spring when crops and 
other vegetation are dormant and declines in summer and fall when evapotran- 
spiration is high. Wells finished in till in the upland recharge areas gener­ 
ally have similar hydrographs and show water-level fluctuations of 2 to 6 ft. 
The deepest well finished in till (BS-10D) exhibited the least fluctuation in 
water levels (fig. 13). Shallow ground water is discharged into Big Slough or 
may move downward into the bedrock (fig. 14).

The surface- and shallow ground-water systems are well connected in the 
flood plain of Big Slough. Daily mean water levels in BS-1 (a shallow well 
approximately 200 ft from the streamflow-gaging station) are closely associ­ 
ated with peak and low streamflows. The elevation of the water level in BS-1 
is generally 2.5 to 5.5 ft above the elevation of the stream, indicating that 
water typically flows from the shallow system into Big Slough (fig. 13).

The Pennsylvanian bedrock underlying the till at Big Slough is an ero- 
sional surface cut into the linton Formation and consists mainly of shale and 
sandstone. The Seelyville Coal Member (III) marks the top of the underlying 
Staunton Formation (Martin and others, 1987, fig. 14, p. 36). Water levels in 
a bedrock well open to the linton Formation (CS-1) and a bedrock well open to 
the Staunton Formation (CS-1B) indicate confined aquifer conditions in both 
formations (fig. 15). Water levels in CS-1 rise to within 1 ft of land sur­ 
face and suggest upward movement of water in the shallow bedrock towards 
points of surface discharge. Water levels in CS-1B are much deeper, about 90 
ft below land surface, indicating little hydraulic connection between forma­ 
tions. Uhderclay below the Seelyville Coal Member (III) probably provides a 
barrier to hydraulic continuity between aquifers and acts as a confining layer 
for water in the Staunton Formation (fig. 15). Yearly fluctuations of the 
water levels in both wells are small, about 2.5 ft in CS-1 and about 1 ft in 
CS-1B. Water levels are generally highest in spring and lowest in fall.

The bedrock is recharged by downward movement of water from the overlying 
till (fig. 14). The direction of shallow flow in the bedrock is controlled by 
topography of the land and bedrock. Shallow flow in the bedrock probably 
discharges to Big Slough because (1) the stream has cut into the till and is 
near the bedrock surface, (2) the elevation of the stream is below the eleva­ 
tion of the bedrock, and (3) the surface of the bedrock to the east of Big 
Slough is sandstone. The quantity and direction of flow deep in the bedrock 
are controlled primarily by the extent of fracturing and the structure and 
lithology of the rock. Uhderclay impedes the vertical flow of water between 
formations, predominantly in the downward direction at Big Slough (fig. 14). 
Regional flow follows the southwest dip of the bedrock and probably discharges 
to the Wabash and Bel Rivers. If confining layers (underclay and unfractured 
shale) are thin or absent, water deep in the bedrock may discharge to the 
surface.
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Hooker Creek

Test drilling and domestic well logs at Hooker Creek watershed show 10 to 
100 ft of glacial drift covering shale and sandstone of the Dagger Formation 
(Martin and others, 1987, fig. 16, p. 41). The drift is predominantly a silty 
clay till containing small amounts of sand and gravel, although some loess is 
present. Well logs indicate a buried bedrock valley trending north-south 
beneath Hooker Creek watershed. A bedrock well (HC-2) drilled west of the 
watershed boundary encountered approximately 15 ft of sand and gravel in the 
buried valley at a depth of about 60 ft. Three observation wells were in­ 
stalled in till and four wells were installed in bedrock (fig. 16).

Water levels in the till are generally within 1 to 6 ft of the land sur­ 
face and fluctuate only about 1 to 2 ft. The till is recharged by infiltra­ 
tion of precipitation and discharge is to Hooker Creek, although some water 
probably moves downward into the bedrock.

The surface- and ground-water systems at Hooker Creek are not well con­ 
nected. A shallow well (HC-1B) within 20 ft of Hooker Creek maintained a 
water level approximately 1 ft above stream level except during peak flows. 
Water levels in the well fluctuated much less than those in the stream, prob­ 
ably because of the low hydraulic conductivity of the till.

Beneath the till, Pennsylvanian bedrock of the Dagger Formation is domi­ 
nated by shale in the upper part with about 25 ft of sandstone at the base. 
Many local wells are drilled through the Dagger Formation into the underlying 
Petersburg Formation, indicating an insufficient supply of water in the Dagger 
Formation. Hydraulic conductivities calculated for four wells open to the 
Bugger, Petersburg, and (or) Staunton Formations ranged from 1x10"^ to 8xlO~* 
ft/d (table 6). Although the bedrock wells were open to different formations 
or combinations of formations, fluctuations of water levels in these wells 
were similar, about 1.5 ft. Water levels in all of the bedrock wells indicat­ 
ed confined conditions with underclay and unfractured shale acting as confin­ 
ing layers.

The bedrock is recharged by water in the overlying till. Some water in 
the shallow bedrock probably discharges to Hooker Creek and some probably 
moves downward to become part of the regional flow system. Water deep in the 
bedrock (beneath the shallowest underclay) probably flows southwest, the 
direction of the structural dip, to discharge areas along the Wabash River.
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Unnamed tributary to Honey Creek

Observation wells were installed in nine test holes drilled in or near 
Honey Creek tributary watershed. Eight observation wells were finished in 
reclaimed mine spoil and one well was finished in bedrock (fig. 17). Well 
logs showed 60 to 95 ft of mine spoil overlying underclay, shale, sandstone, 
limestone, and an unnamed coal of the Staunton Formation (Martin and others, 
1987, fig. 18, p. AA).

Hydraulic conductivity calculated from four slug tests at three wells in 
spoil ranged from 7x10"3 to 3x10""1 ft/d (table 6). Slug tests from a previous 
study at this mine indicate hydraulic conductivities as great as 130 ft/d in 
the spoil (L. L. Bobo and S. E. Eikenberry, U.S. Geological Survey, written 
commun., 1980). The large variation in hydraulic conductivity is probably 
related to methods used in placing and compacting the spoil.

Prior to August 1981, water levels in the spoil were primarily controlled 
by the water level in a final-cut lake immediately south of the watershed 
(fig. 17). A mining company maintained the lake level at an altitude1 of 
5AO ±10 ft above the National Geodetic Vertical Datum of 1929 (NGVD of 1929) 
by pumping from the lake. Water levels in CR-1 were above lake levels and 
fluctuated with lake levels and periods of pumping (fig. 18). Ground-water 
levels at R-7A did not fluctuate with lake levels (fig. 18) but may have been 
associated with water levels in the impoundment created by a road 100 ft 
northeast of R-7A (fig. 17). Fluctuations in ground-water levels in the spoil 
were about 10 ft and the water table was generally 25 to A5 ft below land 
surface (fig. 19).

In August 1981, pumping from the final-cut lake was discontinued and lake 
levels began to rise. Lake levels rose about AO ft and reached equilibrium in 
March 1982. Water levels in wells finished in spoil rose 6 to AO ft in 
association with rising lake levels, with the amount of rise decreasing away 
from the lake (figs. 17 and 18). After lake and ground-water levels reached 
equilibrium, fluctuations in ground-water levels in the spoil ranged from 
about 1 to A. 5 ft. The smallest fluctuations were at wells near the lake and 
the largest fluctuations were at wells away from the lake. Although ground- 
water levels rose 6 to AO ft throughout the watershed (fig. 20), the water 
table remained at least A. 5 ft below the stream channel and did not affect 
flow in the ephemeral stream.

Rising lake levels appear to have altered the location of the ground- 
water divide. Prior to August 1981, the ground-water divide was north of CR-6 
(fig. 19). After March 1982, the ground-water divide was between CR-5 and 
CR-6 (fig. 20). Inward migration of the ground-water divide is a response to 
rising lake levels which decrease the hydraulic gradient and the amount of 
flow to the lake.

1 Altitude in this report refers to the distance above or below the NGVD of 
1929.
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The spoil is recharged by infiltration of precipitation or by percolation 
of surface water that has collected in depressions. The shallow ground water 
flows toward and through the final-cut lakes south of the watershed to points 
of discharge at an active mine about 1 mi (mile) south-southeast of the 
watershed.

Bedrock of the Staunton Formation is separated from the mine spoil by 
2 to 6 ft of underclay. Water levels in a well set in spoil just below the 
water table (R-7A) are about 2 ft higher than those in a well set in spoil 
just above the underclay (R-7B), indicating a downward component of flow in 
the spoil (Bobo and Eikenberry, 1982, p. 39). Water levels in a well set in 
the Staunton Formation (R-7C) are generally 20 to 30 ft below those in the 
spoil but rise above the bedrock. The underclay confines water in the bedrock 
and impedes downward flow. Water in the bedrock beneath Honey Creek tributary 
probably discharges to the active mine pit south-southeast of the watershed.

Unnamed tributary to Sulphur Creek

Test drilling in and near Sulphur Creek tributary watershed showed 20 to 
60 ft of unconsolidated material overlying rocks of the Dugger and Petersburg 
Formations (Martin and others, 1987, fig. 20, p. 48). The unconsolidated 
material is primarily comprised of 0 to 60 ft of mine spoil or 0 to 30 ft of 
till. Over 90 percent of the watershed is covered by mine spoil. The bedrock 
is typical of Pennsylvanian strata, mostly shale and sandstone with smaller 
amounts of coal, underclay, and limestone. Eleven wells were installed in 
mine spoil, one well in till, and six wells in bedrock (fig. 21).

The water table in the spoil is generally about 10 ft below land surface, 
but because of areas of high relief and the effect of impounded water, depths 
to water vary from less than 1 to 25 ft (fig. 22). Shallow ground water flows 
from the headwaters toward the lake. Flow in the vicinity of the lake is 
mostly toward the lake except near the outlet, where flow is to the north 
(fig. 23). Ground-water inflow results in sustained surface-water flow in 
Sulphur Creek tributary in all but a few months of the year.

Water levels in wells finished in spoil fluctuate from 2 to 6 ft. Water 
levels in at least one well near the lake (MR-1) correlate well with lake 
levels and indicate good hydraulic connection between the surface-water system 
and the ground-water system (fig. 24). The degree of surface-water/ground- 
water interaction in the vicinity of the other wells cannot be readily deter­ 
mined from intermittent ground-water measurements. Interaction is probably 
good where wells are finished in zones of high hydraulic conductivity and is 
probably poor in zones of low hydraulic conductivity.

-69-



MR-7 0.5 Ml. 
87 17 "30" A* F 8 V, 87 17'

39 10' -

59 09 39"

;;:^^\.;;;^::SlM^s;i::^-:;;;^;;:;::^^;; 
^^^^^S^S^^^fli^

Jiiliililpilsfl

;"'"

\  /.  "-'  - ,--" : -". . .   .-'.V  "--'- i--^»v   "MQl:« ft jft" '^.

Base from- U.S. Geological Survey Hymera 1:24 000, I 963, photorevised 1 980

0 200 400 600 800 1000 FEET
I        L      1

0 100 200 300 METERS

CONTOUR INTERVAL 10 FEET 

NATIONAL GEODETIC VERTICAL DATUM OF 1929

EXPLANATION
MR-6B

Reclaimed mine spoil V Observation well in bedrock

Observation we!4 in 
Unreclaimed mine spoil {J unconsolidated deposits

Streamflow-gaging station

f Trace of section. See 
Precipitation-gaging statien Q   B section figure 22

Figure 21.~ Unnamed tributary to Sulphur Creek watershed, 
and data-collection sites.

-70-



B'

k,;
.  

  V
/;
 i 

"  
^ 

o 
' 

° 
° 

p°
 °

° °
°~
 "-

 ° 
1°
'

j
^
^
-
r
i
-
'
S
f
e
:
^
-
-
^

45
0

5
0
0
 

1
0
0
0
 M
E
T
E
R
S

E
X
P
L
A
N
A
T
I
O
N

Ti
ll

S
po

il

C
oa

l

il
 

S
ha

ly
 

sa
n
d
st

o
n
e

S
an

dy
 

sh
al

e

U
n
d
e
rc

la
y

S
an

dy
 s

ha
le

 
an

d 
sa

n
d
st

o
n
e

W
a

te
r 

ta
b
le

D
ir
e
ct

io
n
 o

f 
flo

w

S
p

ri
n

g
fie

ld
 C

oa
l 

M
em

be
r 

o
f

V
 

th
e 

P
e
te

rs
b
u
rg

 F
o
rm

a
tio

n

H
ym

er
a 

C
oa

l 
M

em
be

r 
o
f

V
I 

th
e 

D
ug

ge
r 

F
o
rm

a
tio

n

M
 

M
in

ed
 o

u
t

F
ig

u
re

 
2

2
, 

 
G

e
n
e
ra

li
z
e
d
 
st

ra
ti

g
ra

p
h

y
 
a
n
d
 
d
ir

e
c
ti

o
n
 

of
 
g

ro
u

n
d

-w
a
te

r 
fl

o
w

 
at

 
u

n
n

a
m

e
d

 
tr

ib
u

ta
ry

 

to
 
S

u
lp

h
u
r 

C
re

ek
. 

L
o

ca
ti

o
n

 
of

 
tr

a
c
e
 

B
-B

' 
sh

o
w

n
 

in
 
fi

g
u

re
 

2
1
.



87 17'30" R 8 W 87 17'

39 10' -

T 8 N

9 09'30" -

Base from U.S. Geological Survey Hymera 1:24 000. 1963, photorevised 1 980

200 400 600 800 1000 FEET

100 200 300 METERS 

EXPLANATION

Reclaimed mine spoil

Unreclaimed mine spoil

,,0 line of equal water altitude, 
fy in feet above NGVD of 1929. 

Interval 10 feet

^ Observation well in
O unconsolidated deposits

MR-6 Well number

Altitude of water table, in 
580.8 feet above NGVD of 1929

. . Watershed boundary

Figure 23.- Altitude of the water table at unnamed tributary to Sulphur Creek, July 15, 1982.
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A nest of seven wells was installed at different depths in the spoil to 
determine flow patterns near the lake (fig. 21). Well MR-ID (14.0 ft deep) 
appeared to have a plugged screen and was not used in the analysis. The pat­ 
tern of head loss in the nest of wells does not show a predominant direction 
of movement but usually shows higher heads in the middle of the spoil than 
near the surface or the bottom of the spoil (fig. 25). Lack of a consistent 
pattern of head loss probably reflects the great variability of hydraulic 
conductivity of the spoil and (or) hydrologic connection with the lake or the 
discharge area. Differing degrees of hydraulic conductivity and hydrologic 
connection result in a flow system near the lake that is likely composed of 
many small, relatively isolated flow systems which follow torturous flow 
paths. Water levels in MR-IB (finished in spoil just above the underclay at 
the base of the spoil) are consistently above those in MR-1SS (open to bedrock 
below the underclay), indicating a downward component of flow from the spoil 
to the bedrock. The pattern of water levels in all six wells is not consist­ 
ent for the six dates of measurement and is not clearly associated with pre­ 
cipitation events (figs. 24 and 25).

Water-level fluctuations show a seasonal pattern typical of ground-water 
recharge in Indiana. Most of the recharge follows periods of snowmelt or 
prolonged precipitation during winter and spring when vegetation is dormant 
(fig. 24). The spoil is recharged by infiltration of precipitation and by 
infiltration of water in impoundments and depressions. Shallow ground water 
moves toward the final-cut lake where some water is discharged. Water in the 
lake reenters the spoil to the north and flows north to points of discharge 
along Sulphur Creek. Some water in the spoil moves downward into the bedrock 
(fig. 22).

Hydraulic conductivity of five wells open to the Dagger, Petersburg, 
and (or) Li n ton Formations ranged from 2x10"^ to 4x10~2 ft/d (table 6). 
Water-level fluctuations in the bedrock ranged from 2.6 to 4.9 ft and de­ 
creased in the deeper formations. Water levels in two wells finished in bed­ 
rock (MR-6B and MR-6SS) and one well finished in till (MR-6) near the southern 
part of the watershed show decreasing water-level elevations with depth and 
indicate a downward component of flow (fig. 26). Shallow ground water in the 
sandstone tapped by MR-6B was unconfined. Water in the other bedrock wells 
was confined by underclay or by underclay and shale.

Water in the bedrock beneath much of Sulphur Creek tributary follows a 
local flow path to points of discharge at a final-cut lake approximately 
1,000 ft north of the watershed. This final-cut lake forms the channel of 
Sulphur Creek and is at a much lower elevation than the water levels in the 
bedrock at Sulphur Creek tributary. Water in the bedrock beneath the head­ 
waters of Sulphur Creek tributary probably is part of a regional flow system 
that follows the southwest structural dip and discharges along the Wabash 
River (fig. 1).
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A - Well MR-1A, 9.2 feet deep, land surface at 518.4 feet above NGVD of 1929. 

C - Well MR-1C, 19.0 feet deep, land surface at 518.6 feet above NGVD of 1929. 

E - Well MR-1E, 23.4 feet deep, land surface at 518.6 feet above NGVD of 1929. 

1 - Well MR-1, 27.8 feet deep, land surface at 517.0 feet above NGVD of 1929. 

B - Well MR-1B, 43.8 feet deep, land surface at 518.5 feet above NGVD of 1929. 

S - Well MR-1SS, 101.1 feet deep, land surface at 518.6 feet above NGVD of 1929.

Figure 25.   Distributions of water levels in a nest of wells finished in 
reclaimed mine spoil or bedrock at unnamed tributary to Sulphur 
Creek. Wells MR-1A, MR-IB, MR-1C, and MR-IE are finished in spoil, 
have 2 foot screens, and are cased to land surface. Well MR 1 is 
finished in spoil, has a 5 foot screen, and is cased to land surface. 
Well MR-1SS is finished in bedrock, predominantly shale, with 53 feet 
of casing and 48 feet of open hole. Altitude of the water level in the 
final-cut lake ranged from 518.1 to 518.4 feet above NGVD of 1929 on 
these dates.
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Pond Creek

Fifteen wells were installed in or near Pond Creek watershed. Analysis 
of the well logs showed 10 to 25 ft of sandy clay till near the edges of the 
watershed and about 65 ft of unreclaimed mine spoil near the center (Martin 
and others, 1987, fig. 22, p. 52). These unconsolidated deposits are under­ 
lain by sandstone, shale, coal, and underclay of the Brazil Formation. 
Beneath the Brazil Formation are sandstone and shale of the Mansfield 
Formation. Six observation wells were finished in bedrock, three in coal-mine 
spoil, five in till, and one in alluvium (fig. 27).

Till in the uplands of Pond Creek watershed can have greater hydraulic 
conductivity than spoil or bedrock. Hydraulic conductivities estimated from 
slug tests at three wells in till ranged from 7x1O"3 to 9x1O"1 ft/d (table 6). 
Hydraulic conductivities at three wells in spoil ranged from IxlO""3 to 
6x10~2 ft/d, whereas hydraulic conductivities at three bedrock wells open to 
the Brazil and (or) Mansfield Formations ranged from 5x10~3 to 2x1O"1 ft/d 
(table 6).

Water levels in wells finished in till fluctuated 2 to 6 ft whereas the 
water level in the well finished in alluvium fluctuated about 2 ft. Fluctua­ 
tions of the water levels in PC-2S and PC-2M (the shallow and medium wells in 
the nest of wells finished in spoil) were less than 1 ft, whereas fluctuation 
in PC-2D (the deep well) was greater than 3 ft. Water levels in PC-2S were 
slightly higher than those in PC-2M, indicating predominantly horizontal flow 
in this part of the spoil. Water levels in PC-2D were 4 to 6 ft higher than 
those in shallower wells, suggesting confined conditions and an upward compon­ 
ent of flow at depth.

Water levels in the nest of wells finished in till show a different pat­ 
tern of head loss. Wells PC-6S, PC-6M, and PC-6D are 6, 8, and 10 ft deep 
with 2-ft screens. Water levels in PC-6S were generally the highest whereas 
water levels in PC-6M were generally the lowest. This pattern of head loss 
could result from confined conditions near PC-6D or from a layer of more perm­ 
eable till near PC-6M that is well connected to a discharge area. Complexi­ 
ties in the flow system at small scales illustrates the importance of struc­ 
ture, composition, and hydraulic properties of the glacial deposits. Although 
the general direction of flow may be lateral with some downward movement, some 
upward flow may occur, even in recharge areas.

The water table in the till is generally within 0.5 to 10 ft of land 
surface but in the spoil the water table is generally deeper, about 20 to 
30 ft below land surface (fig. 28). The surface- and shallow ground-water 
systems near the gage and well PC-1 are closely related (fig. 29). Water 
levels in PC-1 were generally 1 to 2 ft above stream levels, indicating 
discharge of shallow ground water to Pond Creek. Water levels in all of the 
wells finished in unconsolidated deposits were above the elevation of Pond 
Creek.
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-79-



A
LT

IT
U

D
E

 O
F

 W
A

TE
R

LE
V

E
L,

 I
N

 F
E

E
T 

A
B

O
V

E
N

G
V

D
 O

F 
19

29

O
)
O

)
O

)
O

>
O

>
O

>
O

)
A

c
n

c
n

c
n

c
n

c
n

c
n

A
LT

IT
U

D
E

 O
F

 W
A

TE
R

LE
V

E
L,

 I
N

 F
E

E
T 

A
B

O
V

E
N

G
V

D
 O

F 
19

29

O
> cn

01 * 
 

o
U

l  * 
 

ro
U

l A O
l

U
l

U
l A U
l

D
IS

C
H

A
R

G
E

, 
IN

 C
U

B
IC

FE
E

T 
P

E
R

 S
E

C
O

N
D

 P
E

R
S

Q
U

A
R

E
 M

IL
E

_»
 

_»
 

ro
 

ro
 

01
 

01
 

-»*.
 

o
u
io

u
io

u
io

c
n
o

P
R

E
C

IP
IT

A
T

IO
N

, 

o
 

-»
 

ro

IN
 I

N
C

H
E

S
 

GJ
 

-^

OQ
 

-«
n 

3!
o 

co

00 o
O

 
H

J
-

5 
S"

co
 

oo CO
 

00

p)
 

P

to O z O c_
tO

 
00

 -
n

ro

Q)

?&
-«

r

O
-l I o> 2
 1

"0 O
 -

I
I

_ -  L
^. ^
-
-
  

fc

"
"
I

11
"
!
"
"
!
" i
 

O 2
 

O 1 o 3* i*
 

O o 3

- - - " - - - -

:-F
> Z

 

c_
 

c_ >



Rydrographs of PC-1 and PC-6M illustrate the seasonal pattern of recharge 
to the unconsolidated deposits (fig. 29). The uplands are recharged by infil­ 
tration of precipitation through till. In the center of the watershed, re­ 
charge occurs by infiltration of precipitation through spoil and by seepage of 
water that has collected in depressions above the water table. Water in the 
till discharges to Pond Creek or flows into the spoil; water in the spoil 
discharges to Pond Creek or to lakes in the spoil. Some of the water in the 
unconsolidated deposits and lakes moves downward to recharge the shallow bed­ 
rock (fig. 28).

Water in the wells finished in bedrock is confined by underclay or shale. 
Water levels in the bedrock fluctuated from less than 1 to 4 ft, and the 
amount of fluctuation was not associated with the depth of the formation. The 
bedrock is recharged by the downward movement of water in till, spoil, and 
lakes. Water in the shallow bedrock moves laterally to discharge areas near 
streams and mines, but some water moves downward to deeper bedrock aquifers 
(fig. 28). Water in the deeper bedrock aquifers flows southwest, approximate­ 
ly 5 mi, to areas of discharge along the Eel River (fig. 1).

Unnamed tributary to Big Branch

One well was drilled in Big Branch tributary watershed. This well (MU-1) 
is screened in unreclaimed mine spoil just above underclay and black shale 
bedrock. The well is between the lake that contains the gage at the mouth of 
the watershed and an impoundment outside of the surface drainage divide that 
is about 20 ft higher in altitude (fig. 30). Hydraulic conductivity estimated 
for spoil near this well is 2x10~2 ft/d (table 6). The Dugger and Petersburg 
Formations underlie the spoil and are composed of shale, sandstone, coal, and 
underclay (Martin and others, 1987, fig. 24, p. 56).

MU-1 is a flowing artesian well where artesian conditions are controlled 
by topography (fig. 31). The small impoundment approximately 200 ft southwest 
of well MU-1 is at a higher altitude than the well and serves as a recharge 
area. The well is downgradient of the recharge area and is screened at a 
depth were the water level is less than 1 to 4 ft above land surface. An 
example of a flowing artesian well that is topographically controlled is given 
in Freeze and Cherry (1979, p. 199).

Peak water levels in MU-1 correlated with large precipitation events and 
peak water levels in the lake containing the gaging station (fig. 31). Peak 
water levels were not as well correlated from August to December 1981, when 
precipitation events were smaller. Water levels in MU-1 fluctuated about 
3.5 ft whereas those at the gage fluctuated only about 1 ft. The difference 
in fluctuation and response to precipitation suggests that the surface-water/ 
ground-water interaction may be greater between MU-1 and the lake that serves 
as the recharge area than between MU-1 and lake that serves as the discharge 
area and contains the gage. Additional evidence of greater interaction be­ 
tween MU-1 and the recharge lake is provided by the construction of a V-notch 
weir on the discharge lake from April 24 to May 8, 1981. Water levels in the 
discharge lake rose by about 2 ft but water levels in MU-1 did not show an 
associated rise after construction of the weir (fig. 31).
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The shallow ground-water flow system in Big Branch tributary is composed 
of numerous local flow systems. The local flow systems are created by the 
steep, ridge-and-swale topography and multiple lakes and impoundments in and 
near the watershed. Recharge is by infiltration of precipitation through 
spoil or by percolation of water that has collected in depressions or impound­ 
ments above the water table. Impoundments at high elevations in the spoil are 
the major recharge areas. Impoundments at low elevations, such as the one 
containing the gage, are the major discharge areas. Some of the water in the 
spoil and deep lakes may move downward through the underclay and recharge the 
shallow bedrock.

The same characteristics that created local flow systems also created 
surface- and ground-water drainage basins that do not coincide in the vicinity 
of MU-1. Shallow ground water from the small recharge lake southwest of MU-1 
flows beneath the surface-water divide toward the gage and contributes to 
perennial flow in Big Branch tributary. The surface- and ground-water divides 
probably do not coincide near the northeastern surface-water divide. Lakes 
immediately outside of the watershed are 20 to 40 ft above the large lake that 
forms the main channel of Big Branch tributary (fig. 30). Ground water prob­ 
ably flows into the watershed from these lakes that are outside of the 
surface-water divide.

Water in the shallow bedrock flows southeastward along the structural dip 
of the rocks to areas of discharge about 3 mi away along Busseron Creek 
(fig. 1). Water in the shallow bedrock does not discharge in the vicinity of 
the watershed because the, surface of the bedrock beneath the spoil is rela­ 
tively flat and no streams or lakes cut into the bedrock. Water in the deeper 
bedrock follows the structural dip of the rocks to discharge areas about 15 mi 
away along the Wabash River.

EFFECTS OF SURFACE COAL MINING AND RECLAMATION ON THE GEOHYDROLOGY OF SMALL

WATERSHEDS IN WEST-CENTRAL INDIANA

Hydrologic effects of surface coal mining and reclamation can be 
determined by studying watershed hydrology before mining began, during mining, 
and after reclamation (Curtis, 1973; Emerson, 1981; U.S. Dspartment of 
Agriculture, Agricultural Research Service and Ohio State University, 1983; 
Weiss and Razem, 1984); by comparing nearby mined and unmined watersheds 
(Corbett, 1965; Collier and others, 1970; Grubb and Ryder, 1972; Zogorski and 
others, 1981; Brabets, 1984); or by simulation (Wilson and Hamilton, 1978; 
Meadows and Blandford, 1983; Scott, 1984). For this study, effects of surface 
coal mining were identified by comparing hydrologic characteristics of mined 
and unreclaimed watersheds with those of unmined, agricultural watersheds (Big 
Slough and Hooker Creek). Effects of reclamation were identified by comparing 
mined and reclaimed watersheds (Honey Creek tributary and Sulphur Creek tribu­ 
tary) with mined and unreclaimed watersheds (Fond Creek and Big Branch tribu­ 
tary) . The overall effects of mining and reclamation were identified by com­ 
paring mined and reclaimed watersheds with unmined, agricultural watersheds.
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The success of a comparative approach rests on a basic assumption that 
surface- and ground-water systems at mined watersheds would have been similar 
to those at unmined, agricultural watersheds if surface mining had not 
occurred. This assumption is probably valid for these six watersheds because 
(1) all are small, upland watersheds in a region of similar soils, geology, 
and geomorphology; (2) all are within a 12-mi radius and are exposed to simi­ 
lar weather conditions; and (3) row-crop agriculture is the major land use in 
the region and probably was the major premining land use in the mined 
watersheds.

The surface- and ground-water systems at Big Slough and Hooker Creek are 
similar and are representative of the hydrologic systems at the other water­ 
sheds before mining. The unmined, agricultural watersheds have well- 
developed, integrated drainage systems, and ground-water divides generally 
coincide with surface-water divides. Streamflow in both agricultural water­ 
sheds is highly variable, with similar magnitudes and patterns of low and high 
flows (figs. 6a, 6b, 7, and table 2). Both Big Slough and Hooker Creek 
respond rapidly to thunderstorms and have high peak flows (tables 4, 5a-h, and 
figs. 9a-h). Both agricultural watersheds have similar total runoff-and simi­ 
lar distributions and amounts of monthly runoff (table 3 and fig. 8). Shallow 
ground water at both watersheds is recharged by precipitation through till in 
the uplands between streams and is predominantly discharged to streams that 
cut into the till.

Another assumption is often made when comparing watersheds to determine 
effects of mining and reclamation. The assumption that unreclaimed watersheds 
have similar hydrologic systems and that reclaimed watersheds have similar 
systems is tenuous and often incorrect. For example, both Honey Creek tribu­ 
tary and Sulphur Creek tributary are reclaimed watersheds. However, the gage 
at Honey Creek tributary is immediately upstream of a final-cut lake, whereas 
the gage at Sulphur Creek tributary is at the outlet of a final-cut lake. 
Clearly the hydrologic characteristics of these watersheds, as measured by the 
gages, are different. The hydrologic effects of mining and reclamation ident­ 
ified by comparing watersheds in this study must be viewed in relation to 
differences between Honey Creek tributary and Sulphur Creek tributary and to 
differences between Pond Creek and Big Branch tributary. Moreover, the hydro- 
logic effects identified at these four watersheds must be considered potential 
effects of mining and reclamation at other watersheds. Extrapolation of the 
results of this study to other areas must be done with caution and judgment.

Hydrologic effects of surface mining and reclamation are discussed in 
sections relating to physical characteristics of the watersheds and various 
components of the hydrologic cycle. Discussion may be repetitive because of 
interactions and interdependencies of characteristics and components.

Watershed Morphology, Surface Runoff, and Petention Storage

Surface coal mining creates watersheds with complex morphologic features 
that are drastically different than those of unmined watersheds. Spoil creat­ 
ed by mining at Pond Creek and Big Branch tributary was deposited in bands or

-85-



banks with high relief, narrow ridges, and steep slopes. As mining progress­ 
ed, new spoil banks were placed next to old spoil banks, forming a ridge-and- 
swale topography that contained numerous depressions and impoundments of 
water. A complicated pattern of spoil banks and depressions was created when 
the direction of mining changed or when roads used to haul coal were moved. 
Deep, final-cut lakes were created when mining ceased and the open pits filled 
with water. The diverse topography of Pond Creek and Big Branch tributary is 
characterized by complex, discontinuous drainage systems with many areas en­ 
closed by spoil banks incapable of contributing surface runoff to streams 
(figs. 27 and 30). Farts of the surface drainage systems include depressions 
or lakes instead of stream channels and include water-filled impoundments that 
contribute to surface runoff only at high stages.

The capacity of Pond Creek watershed and Big Branch tributary watershed 
to delay or store surface runoff has been greatly increased by surface mining. 
Water stored in the numerous depressions, impoundments, and lakes can be pre­ 
vented from contributing to surface runoff or can be slowly released. Water 
held in depressions above the water table recharges the ground water. The 
hydrologic effects of mining have been to (1) increase base flow and create 
perennial flow from these unreclaimed watersheds (fig. 7 and table 2), (2) 
increase the total runoff (table 3), (3) reduce peak flows and variation in 
flows (fig. 7 and table 4), (4) decrease monthly runoff during wet months and 
Increase runoff during dry months (fig. 8), (5) lengthen watershed response 
times to thunderstorms (tables 5a-h and figs. 9a-h), (6) change the relation 
of surface- and ground-water divides resulting in ground-water inflow from 
adjacent watersheds (at Big Branch tributary), (7) create more local, shallow 
ground-water flow systems, (8) lower the water table in upland areas not in­ 
fluenced by water impoundments, and (9) increase recharge to the ground-water 
system in the bedrock. Pond Creek has higher peak flows and quicker watershed 
response than Big Branch tributary because the gage at Pond Creek is on a 
stream channel whereas the gage at Big Branch tributary is at the outlet of a 
lake. Additionally, all of Big Branch tributary has been mined but only about 
40 percent of Pond Creek has been mined.

The primary objective of reclamation is to change the topography, hydrol­ 
ogy, soils, and vegetation of recently mined land to those that would be most 
beneficial for the intended postmining land use. Common postraining land uses 
in Indiana are pasture, hay, row-crop agriculture, wildlife habitat, forest, 
and recreation. The intended postmining land uses for Honey Creek tributary 
and Sulphur Creek tributary are not known but are probably for pasture or hay. 
Activities used to reclaim these watersheds included (1) grading the spoil to 
a level or gently undulating topography that minimizes depressions and approx­ 
imates the premining topography and drainage system, (2) replacing 6 to 12 in. 
of soil over graded spoil, (3) seeding and fertilizing grasses and legumes to 
achieve a vegetative cover, and (4) mulching and other practices to control 
erosion. The final cuts were allowed to fill with water.

The principal effects of reclamation on the morphology of Honey Creek 
tributary and Sulphur Creek tributary have been to eliminate the ridge-and- 
swale topography of unreclaimed mines and make the surface drainage systems 
more simple and continuous. Reclamation at Sulphur Creek tributary has remov­ 
ed nearly all of the depressions and water impoundments created by mining, 
except for the final-cut lake and the unreclaimed area in the headwaters. The 
surface drainage system can be easily identified and all reclaimed areas
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contribute to surface runoff. The capacity of the mined land to store surface 
runoff by detention storage has been reduced although substantial capacity 
still exists because of the final-cut lake, two impoundments located along the 
stream, and several impoundments in the headwaters (fig. 21).

The capacity to store surface runoff at Honey Creek tributary has also 
been reduced by reclamation. However, the capacity is still much greater than 
it could have been if not for impoundments created for livestock and by build­ 
ing a road. Approximately 15 percent of the watershed drains into the live­ 
stock impoundment and does not contribute to surface runoff. Approximately 42 
percent of the watershed (not including the drainage area of the livestock 
pond) drains into an impoundment created by the road (fig. 17). This impound­ 
ment can hold approximately 0.33 acre-ft (acre-feet) of water (the volume of 
water from 0.15 in. of precipitation, assuming an impervious surface) ' before 
flow through a culvert will occur. Although the detention storage capacity of 
the reclaimed watersheds is much less than that of the unreclaimed watersheds, 
it is much greater than that of the agricultural watersheds.

The hydrologic effects of reclamation differed between watersheds, prob­ 
ably because of the effect of the final-cut lake at Sulphur Creek tributary. 
The final-cut lake at Sulphur Creek tributary serves as the mouth of the 
watershed and has a gage at the outlet (fig. 21) whereas the final-cut lake at 
Honey Creek tributary is immediately downstream from the gage (fig. 17). The 
hydrologic effects of reclamation at Sulphur Creek tributary have been to make 
discharge intermittent and more variable and to decrease the total amount of 
runoff (fig. 7, tables 2 and 3). The increase in flow variation and no flow 
was probably caused by the elimination of depressions (which previously en­ 
hanced ground-water recharge that sustained streamflow) and the reconstructed 
drainage system. Peak discharges increased (table 4), probably because sur­ 
face runoff reached the final-cut lake much more rapidly than at unreclaimed 
watersheds and opportunity for ground-water recharge was diminished.

Reclamation at Honey Creek tributary has made discharge ephemeral and 
therefore highly variable and responsive to thunderstorms (figs. 7 and 9a-h). 
Peak discharge and the nimber of no-flow days have increased in reclaimed 
watersheds in comparison to unreclaimed watersheds (tables 2 and 4). 
Ephemeral discharge also results in the lowest annual runoff at Honey Creek 
tributary (table 3). The lack of base flow at Honey Creek tributary s primar­ 
ily caused by the topographic relation of the stream channel and the final-cut 
lake but is partly caused by the elimination of water bodies in the watershed 
which had provided detention storage and opportunity for ground-water 
recharge.

Some of the overall effects of mining and reclamation on watershed mor­ 
phology, surface runoff, and detention storage were also influenced by the 
final-cut lake in the Sulphur Creek tributary watershed. Annual runoff at the 
reclaimed watersheds was less than that at the agricultural watersheds 
(table 3), but the monthly distribution of runoff was not noticeably different 
(fig. 8). At Sulphur Creek tributary, the duration and magnitude of base 
flows and flow variation have not been noticeably affected (figs. 7, 8, and 
table 2), but peak flows have been reduced and the response time of the water­ 
shed to thunderstorms has been lengthened (tables 4, 5a-h). At Honey Creek 
tributary, peak flows and the response time of the watershed to thunderstorms 
have not been noticeably affected, but the magnitude and duration of base flow
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have decreased and flow has become more variable. Elimination of detention 
storage provided by the water impoundments created for livestock and by the 
haul road would probably increase peak discharge to a magnitude comparable to 
or greater than that at the unrained, agricultural watersheds.

Soils, Vegetation, Infiltration, and Evapotranspiration

Soils, vegetation, and the processes of infiltration and evapotranspira­ 
tion are components of a complex hydrologic system that controls the movement 
and distribution of water. Each of these components influences and is influ­ 
enced by the others through feedback mechanisms typical of hydrologic systems. 
Infiltration is the process whereby water at land surface enters the soil. 
Soil water-holding capacity, soil texture and structure, and surface condi­ 
tions are characteristics of the soil that influence infiltration. Evapotran­ 
spiration is the process that removes water from near the surface of the soil 
by evaporation and removes water in the rooting zone by transpiring vegeta­ 
tion. Soil moisture, soil water-holding capacity, and the type and extent of 
vegetation influence evapotranspiration.

Surface mining changes the soils and vegetation of agricultural lands in 
a variety of ways. Surface raining destroys soil structure and horizons by 
mixing the soil with till and fragments of bedrock. Spoil created by mining 
is classified as the Fairpoint soil series and generally has greater moist 
bulk density, slope, and large fragments; but lower available water capacity 
and organic matter than soils in agricultural watersheds (McCarter, 1982, 
table 17, p. 145-147; Wells and others, 1983, table 1, p. 16). The permeabil­ 
ity of the top 2 to 3 ft of thoroughly wet Fairpoint soils is usually less 
than that of most agricultural soils (McCarter, 1982, table 17, p. 145-147). 
However, some agricultural soils in the study area have a fragipan or other 
impermeable layer at a depth of 2 to 3 ft (Martin and others, 1987, table 10). 
The permeability of Fairpoint soils at this depth is usually greater than that 
of agricultural soils containing an impermeable layer but is usually less than 
or equal to that of agricultural soils lacking an impermeable layer.

Most of the land surface mined for coal in Indiana is agricultural land, 
either row crop, pasture, or hay. Vegetation characteristic of these land 
uses includes corn, soybeans, alfalfa, clover, grasses, and oaks and hickories 
in small woodlots. Surface mining results in a change of vegetation from 
agricultural crops to trees and other plants that can tolerate the harsh, 
inhospitable conditions of bare mine spoil. Typical tree species found on 
unreclaimed spoil include black locust, ash, silver maple, cottonwood, 
Virginia pine, and jack pine. Early-successional plants (including grasses, 
weeds, and trees) usually invade and recolonize most spoil banks, but many 
unreclaimed spoil banks are covered with trees planted by man. The extent of 
vegetative cover on unreclaimed mines varies greatly; at Pond Creek and Big 
Branch tributary trees planted by man generally cover the spoil banks but the 
surface of the spoil is usually bare.
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Modern reclamation techniques require grading spoil to a rolling topog­ 
raphy, replacement of topsoil, and seeding and mulching to produce vegetative 
cover and reduce erosion. Approximately 6 to 12 in. of topsoil was placed 
over graded spoil at Honey Creek tributary and Sulphur Creek tributary. 
Grasses and legumes were sown and have developed in both watersheds. Vegeta­ 
tive cover is dense at Sulphur Creek tributary but is sparse at Honey Creek 
tributary. The topsoil was distinguished from the underlying spoil by its 
brown color and relative absence of stones and boulders. The topsoil contain­ 
ed an extensive mass of fine to very fine roots and some roots extended into 
the spoil (U.S. Soil Conservation Service, written commun., 1982).

Infiltration and evapotranspiration were not measured during this study. 
As a consequence, the effects of mining and reclamation on these components of 
the hydrologic cycle could not be directly evaluated. Indirect methods of 
evaluating infiltration and evapotranspiration (such as analysis of 
precipitation-runoff hydrographs and calculation of annual water loss) were 
hampered by a short period of record and different detention-storage charac­ 
teristics and ground-water systems. Analysis of runoff coefficients for the 
storm hydrographs (tables 5a-h) may indicate a smaller infiltration capacity 
at Hooker Creek than at Honey Creek tributary. However, differences in runoff 
coefficients are more likely influenced by detention storage and inferences 
regarding infiltration are largely speculative.

Annual water loss (table 3) indicates that the combined effects of evapo­ 
transpiration and subsurface flow out of the watershed were greater at Honey 
Creek tributary than at the other watersheds. Recharge of water detained in 
impoundments and subsurface outflow or evaporation from impoundments are more 
likely causes of high water loss than high transpiration. Low water loss at 
Big Branch tributary is probably caused by subsurface inflow of water from 
lakes outside of the watershed rather than by reduced evapotranspiration. 
Assuming that surface- and ground-water divides coincide and that ground-water 
flow beneath the gages is negligible, average annual evapotranspiration esti­ 
mated from annual water loss for the 1981 and 1982 water years is about 26 to 
27 in. for Big Slough, Hooker Creek, Sulphur Creek tributary, and Pond Creek 
(table 3). Estimates of evapotranspiration at Honey Creek tributary and Big 
Branch tributary are more uncertain because of uncertainty about the amount of 
subsurface outflow or inflow.

Ground-Water Systems

Surface mining can change the relation between surface- and shallow 
ground-water divides, especially in watersheds that have been extensively 
mined. Shallow ground-water divides generally coincide with surface-water 
divides in the unmined, agricultural watersheds. The placement of spoil can 
create several small watersheds in the same location as the original, larger 
watershed. Ground-water basins can be larger than surface-water basins if the 
surface drainage systems created by mining is abruptly truncated by spoil 
banks or altered by haul roads. Ground-water basins can be smaller than 
surface-water basins if topography and surface-mine impoundments create numer­ 
ous local, shallow ground-water flow cells.



Hydrologic effects caused by changing the size of the ground-water basin 
in relation to that of the surface-water basin are primarily a potential in­ 
crease in both the magnitude and duration of base flow if the ground-water 
basin is larger than the surface-water basin, or a potential decrease in base 
flow if the ground-water basin is smaller. Increased base flow at Big Branch 
tributary has resulted from a larger ground-water basin, but base flow from 
this source is probably less important than that from numerous water impound­ 
ments within the watershed. The relation between surface- and shallow ground- 
water divides at Pond Creek does not appear to have been significantly affect­ 
ed by mining, probably because mining has occurred near the center of the 
watershed. The ground-water divide may have moved outward if shallow ground- 
water flow to the mined area increased or inward if ground-water flow to the 
mined area decreased from premining conditions.

The effect of reclamation on the relation between surface-water and 
ground-water divides largely depends on the extent that grading eliminates 
depressions and produces surface-water divides that incorporate the local 
upland areas where ground-water divides occur. The mine that formed Sulphur 
Creek tributary watershed was small and much of the surrounding upland area is 
unmined. Grading has restored the approximate premining topography and 
surface- and ground-water divides probably coincide. Duration and magnitude 
of base flow at Sulphur Creek tributary is similar to that at the agricultural 
watersheds (fig. 7 and table 2). The mine that formed Honey Creek tributary 
watershed is much more extensive than the mine that formed Sulphur Creek trib­ 
utary watershed. The relation between premining and postmining topography has 
been changed. Several small watersheds have been formed by grading the land 
to allow drainage into large impoundments. Much of the local upland areas are 
north of the surface-water divide. The ground-water basin at Honey Creek 
tributary is much larger than the surface-water basin, but since the surface- 
and ground-water systems are not connected, an increase in base flow was not 
observed.

In association with altered surface- and ground-water divides, surface 
mining can change ground-water flow systems. Shallow ground-water flow in 
agricultural watersheds is predominantly from recharge areas in the uplands 
between streams towards discharge areas along the stream. The diverse topog­ 
raphy and scattered impoundments of water at Pond Creek and Big Branch tribu­ 
tary have created patterns of ground-water flow that are more localized than 
those at Big Slough and Hooker Creek. Recharge is from infiltration of pre­ 
cipitation through spoil and percolation from water-filled depressions above 
the water table. Ground water commonly flows to areas of discharge along 
streams or lakes that are at lower altitudes but not necessarily within the 
watershed. In watersheds that have been completely mined, such as Big Branch 
tributary, ground water recharged in one watershed may flow beneath surface- 
water divides to points of discharge in another watershed. Qearly, the ef­ 
fects of mining on flow systems must be determined individually for each 
mine.

Reclamation has simplified ground-water flow paths at Honey Creek tribu­ 
tary and Sulphur Creek tributary by removing impoundments above the water 
table and by grading the spoil banks to a more level topography. Recharge 
from spoil flows toward and through the final-cut lakes where some water is 
discharged (figs. 19, 20, 22, and 23). The water table beneath Honey Creek 
tributary is below the elevation of the stream near the gage, consequently
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ground water does not contribute to streamflow in the watershed. At Sulphur 
Creek tributary, ground water probably does not contribute to streamflow in 
the reaches of the stream that flow over graded spoil but does contribute to 
streamflow in the unreclaimed headwaters and the unmined reach north of the 
headwaters.

Shallow water levels in spoil, except in areas influenced by impoundments 
or final-cut lakes, generally are farther below land surface than those in 
till. In upland areas, water levels in till are generally within 1 to 8 ft of 
land surface whereas those in spoil are usually within 10 to 30 ft (figs. 20, 
22, and 28). Lower water levels in spoil may be caused by greater hydraulic 
conductivity of spoil than till. Water may move through spoil at a greater 
rate than through till, and the water table in spoil may not rise to levels 
found in unmined watersheds. However, the greater hydraulic conductivity of 
spoil was not confirmed by slug tests (table 6). A lower water table in spoil 
is not likely caused by nonsteady-state conditions because of slow resatura- 
tion of the spoil. The relatively fast rate at which the water table can rise 
is demonstrated by the time required for ground-water levels at Honey Creek 
tributary to equilibrate after pumping was terminated in the final-cut lake. 
Water levels reached equilibrium in less than one year (fig. 18).

Flow in the bedrock aquifers can by affected by mining and reclamation. 
If spoil has a greater vertical hydraulic conductivity than till, increased 
recharge to the bedrock may result. Coal mining can increase the hydraulic 
connection between flow systems in the unconsolidated deposits and the shallow 
bedrock by destroying the confining effect of underclay and shale or by creat­ 
ing lakes in direct contact with the bedrock. Underclay and shale may be 
fractured by blasting or drilling, and sump pumps and drains are often in­ 
stalled in holes dug into or through the underclay during mining. Water 
levels in the unconsolidated deposits are usually higher than those in the 
bedrock, consequently, lakes in contact with the bedrock and fractures and 
holes in confining layers provide pathways for increased recharge to the flow 
system in the bedrock. Reclamation may reduce recharge to the bedrock to the 
extent that lakes that cut in or near the surface of the bedrock are often 
eliminated.

SIMMARY AND CONCLUSIONS

Six small watersheds in west-central Indiana were selected for study of 
the hydrologic effects of surface coal mining and reclamation. The purposes 
of this report were to (1) describe and compare the hydrologic systems of the 
six watersheds, (2) identify and discuss the geohydrologic effects of mining 
and reclamation on these watersheds, and (3) discuss potential effects of 
mining and reclamation on the geohydrology of small watersheds in west-central 
Indiana. The six watersheds include mined and reclaimed (Honey Creek tribu­ 
tary and Sulphur Creek tributary); mined and unreclaimed (Pond Creek and Big 
Branch tributary); and unmined, agricultural land uses (Big Slough and Hooker 
Creek) and are each less than 3 mi2 in area. A gaging station, at least one 
precipitation gage, and at least one ground-water well were installed in each 
watershed. Hydrologic and climatologic data for the 1981 and 1982 water years 
were analyzed in this report.
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Annual mean temperatures for the 1981 and 1982 water years were cooler 
than the 30-year average (1951-80), and the 1982 water year was cooler than 
the 1981 water year. Annual precipitation was generally less than the 30-year 
average (about 41 in.) during the 1981 water year but was generally greater 
than the 30-year average during the 1982 water year. Monthly precipitation 
was greatest during May and least during January for the 1981 water year and 
was generally greatest during May and least during October or November for the 
1982 water year. The study area was covered with a substantial amount of snow 
during the winter of the 1982 water year.

Total runoff was greatest at mined and unreclaimed watersheds, intermedi­ 
ate at unmined, agricultural watersheds, and least at mined and reclaimed 
watersheds. Annual runoff expressed as a percentage of annual precipitation 
averaged 55.5 percent at Big Branch tributary, 39.5 percent at Pond Creek, 
35.5 percent at Big Slough, 35.3 percent at Hooker Creek, 29.2 percent at 
Sulphur Creek tributary, and 16.6 percent at Honey Creek tributary.

Discharge at the mined and unreclaimed watersheds is continuous and less 
variable than discharge at either the mined and reclaimed or the unmined, 
agricultural watersheds. Periods of no flow occurred about 2 and 24 percent 
of the time at Big Slough and Hooker Creek, respectively, and about 21 and 76 
percent of the time at Sulphur Creek tributary and Honey Creek tributary, 
respectively.

Peak discharges were greatest at the agricultural watersheds and, to a 
lesser degree, at Honey Creek tributary. Peak discharges were smaller at the 
unreclaimed watersheds because of lakes, impoundments, and discontinuous 
drainage systems. Some areas of the unreclaimed watersheds do not contribute 
to surface runoff. Some lakes store and slowly release surface runoff. Small 
peak discharges at Sulphur Creek tributary were attributed to the dampening 
effect of the large final-cut lake at the mouth of the watershed.

The relations between precipitation and runoff were examined for eight 
storms during the 1981 and 1982 water years. No consistent pattern was appar­ 
ent among watersheds in the volumes of runoff generated from these eight 
storms. Big Slough, Hooker Creek, and Honey Creek tributary responded more 
rapidly to thunderstorms than did the other watersheds, probably because of 
we11-integrated drainage systems and low detention storage in these 
watersheds.

Till and spoil are the primary unconsolidated aquifers in the watersheds, 
whereas coal seams and fractured shale and sandstone are the primary consoli­ 
dated aquifers. Underclays beneath coal seams and unfractured shale and silt- 
stone act as confining layers for most of the bedrock aquifers. In the agri­ 
cultural watersheds, recharge percolates through till overlying bedrock and 
flow is generally from the uplands to points of discharge along streams. 
Bedrock is mostly recharged by downward movement of water from the water-table 
aquifer in the till. Flow in the bedrock is primarily regional, toward dis­ 
charge areas along the Wabash and Eel Rivers, although some water in the 
shallow bedrock discharges to streams in and near the watershed.

Recharge to the spoil in the unreclaimed watersheds is from infiltration 
of precipitation in the spoil and from percolation of surface water stored in 
lakes above the water table. Shallow flow systems are more local than those
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in agricultural or reclaimed watersheds and ground water may discharge to 
lakes in adjacent watersheds. Because water in some final-cut lakes is in 
direct contact with bedrock, the potential for recharge to the bedrock aqui­ 
fers is increased. Recharge in reclaimed watersheds is from infiltration 
through spoil and flow is toward points of discharge at lakes and streams. Tb 
the extent that reclamation eliminates impoundments and final-cut lakes in 
direct contact with the bedrock, the potential for recharge to the bedrock 
aquifers is reduced.

Hydrologic effects of mining were identified by comparing the hydrologic 
systems at mined and unreclaimed watersheds with those at unmined, agricul­ 
tural watersheds. Surface coal mining at Big Branch tributary and at Pond 
Creek has (1) increased annual runoff; (2) increased base flow and created 
perennial flow; (3) reduced peak flow rates and variation in flow; (4) 
decreased monthly runoff during wet months and increased runoff during dry 
months; (5) decreased the response to thunderstorms; (6) changed the relation 
of surface- and ground-water divides resulting in ground-water inflow from 
adjacent watersheds at Big Branch tributary; (7) created numerous, local flow 
systems in -the shallow ground water; (8) lowered the water table in upland 
areas not influenced by water impoundments; and (9) increased recharge to the 
ground-water system in the bedrock.

Hydrologic effects of reclamation were identified by comparing the hydro- 
logic systems at mined and reclaimed watersheds with those at mined and unre­ 
claimed watersheds. Some of the hydrologic effects of reclamation are differ­ 
ent at Honey Creek tributary than at Sulphur Creek tributary, primarily 
because of a final-cut lake at the mouth of the Sulphur Creek tributary water­ 
shed. Reclamation at Honey Creek tributary and Sulphur Creek tributary has 
(1) decreased annual runoff, (2) decreased base flow and created intermittent 
or ephemeral discharge, (3) increased peak flow rates at Honey Creek tributary 
and increased variation in flow, (4) increased monthly runoff during wet 
months and decreased runoff during dry months, (5) increased the response to 
thunderstorms at Honey Creek tributary, (6) reestablished the preraining rela­ 
tion between surface- and ground-water divides at Sulphur Creek tributary, (7) 
created less local flow systems in the shallow ground water, and (8) decreased 
recharge to bedrock aquifer by eliminating or backfilling final-cut lakes.

The overall hydrologic effects of mining and reclamation were identified 
by comparing the hydrologic systems at the mined and reclaimed watersheds with 
those at the unmined, agricultural watersheds. As with the effects of recla­ 
mation, the overall effects of mining and reclamation were influenced by the 
presence or absence of a final-cut lake; consequently, some major differences 
between Honey Creek tributary and Sulphur Creek tributary are evident. 
Surface coal mining and reclamation at Honey Creek tributary and Sulphur Creek 
tributary has (1) decreased annual runoff, (2) decreased base flow and created 
ephemeral discharge at Honey Creek tributary, (3) decreased peak flow rates at 
Sulphur Creek tributary, (4) decreased the response to thunderstorms at 
Sulphur Creek tributary, (5) changed the relation between surface- and ground- 
water divides at Honey Creek tributary, (6) increased recharge to bedrock, and 
(7) lowered the water table in upland areas.
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