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PREFACE

This study was performed during the period June 1986 to December 1987 by

the US Army Engineer Waterways Experiment Station (WES) for the Commanding

Officer, Naval Weapons Support Center, Crane, Indiana. The work was performed

under authority provided by NAVCOMPT Document Number N0016486WR09371,  dated

5 June 1986.

The field work was performed by Mr. Richard W. Hunt. geologist, Engi-

neering Geology Group (EGG), Engineering Geology and Rock Mechanics Divi-

sion (EGP.MD),  and drilling crews under supervision of Mr. Mark Vispi, Chief,

Explorations Group, EGRMD, all of the Geotechnical Laboratory (GL), WES. The

report was written by Mr. Hunt with assistance from Mr. William L. Murphy,

EGG, EGRMD. Mrs. Joyce H. Walker, Information Products Division, Information

Technology Laboratory, edited the report. Direct supervision was provided by

Mr. James H. May, Chief, Site Characterization Unit, EGRMD. Additional super-

vision was provided during the work period by Mr. John H. Shamburger, former

Chief, EGG, and Dr. Lawson M. Smith, Chief, EGG, EGRMD. The project was con-

ducted under the general supervision of Dr. Don C. Banks, Chief, EGRMD, and

Dr. William F. Marcuson III, Chief, GL.

COL Dwayne  G. Lee, EN, was Commander and Director of WES. Dr. Robert W.

Whalin  was Technical Director.
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CONVERSION FACTORS, NON-S1  TO SI (METRIC)
UNITS OF MEASUREMENT

Non-S1  units of measurement used in this report can be converted to SI (met-
ric) units as follows:

Multiply B y
acres 4;046.873
feet 0.3048
feet per mile 0.1893935
inches 2.54
miles (US statute) 1.609347

To Obtain
square metres
metres

metres per kilometre
centimetres
kilometres
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GEOLOGY AND HYDROGEOLOGY OF THE AIMLJNITION  BURNING GROUND

CRANE NAVAL WEAPONS SUPPORT CENTER

PART I: INTRODUCTION

,Background

1. A ground-water monitoring program was established in 1981 at the

Ammunition Burning Grounds (ABG) treatment site at the Naval Weapons Support

center (NWSC). The monitoring program was initiated to keep NWSC, Crane, in

compliance with US Environmental Protection Agency (EPA) 40 CFR 265 Subpart F,

which requires ground-water monitoring by managers of hazardous waste in sur-

face impoundments and/or waste piles. Results of the monitoring program sug-

gested the presence of ground-water contamination at the ABG (Naval Weapons

Support Center 1986). A background well (Well 3-1) was found to be contami-

nated with explosive. Other wells showed evidence of contamination as

determined by statistical analyses of results of indicator parameters. Subse-

quently, after notifying the State and Region V EPA of the findings, a Ground

Water Assessment Plan was prepared (Naval Weapons Support Center 1986). This

report presents the results of a detailed hydrogeologic and geologic study of

the ABG conducted in 1986-87 under this plan.

scope

2 . The main objective of the study was to identify and define the fac-

tors that influence and control the flow of ground water into and out of the

ABG. Once the factors controlling ground-water flow have been identified, the

potential areas and routes of contaminant migration can be closely monitored

and compared with ground-water conditions around the ABG.

3 . The scope of work included the emplacing of several continuous core

borings which were fitted with well screens. Preliminary interpretations of

geologic and hydrologic settings made during the drilling program were evalu-

ated and updated continuously. Geologic cross sections were prepared and kept

current with each additional boring. Field mapping, literature surveys, and

interviews with personnel from the Indiana State Geological Survey were
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conducted in conjunction with the drilling program. The location of each new

boring was selected to offer the greatest information using the previous bor-

ings as a guide. The boring locations and time of drilling were planned so

that the work would not interfere with the ongoing ABG activities.

4. As site investigations progressed, the accumulating hydrogeologic

data indicated a need to include the area surrounding the ABG as a general

part of the overall study. Springs issuing both north and south of the ABG

were suspected to be hydraulically connected to ground water at the ABG. sev-

eral borings have been drilled to the north and south of the ABG to trace per-

tinent hydrogeologic relationships associated with the ground-water flow

pattern at the ABG. A line of monitoring wells was also installed across the

Little Sulphur  Creek valley at the NWSC  boundary as a part of the overall ABG

ground-water/contamination investigation.

Study Area Location

5. The NWSC, Crane, is located in southwest Indiana approximately

75 miles* southwest of Indianapolis and 71 miles northwest of Louisville, Ken-

tucky (Figure 1). The NWSC occupies 62,463 acres (approximately 100 square

miles) of the northern portion of Martin County and small portions of neigh-

boring Greene, Daviess,  and Lawrence Counties. Surrounding towns that are

within 30 min or less driving time from the NWSC include Bloomington, Bedford,

Bloomfield, and Washington. The ABG study area lies in the eastern part of

the NWSC  (Figure 2) and consists of about 50 acres.

* A table of factors for converting non-S1  to SI (metric) units of measure-
ment is presented on page 3.

5



O H

Figure 1. Location of Crane Naval Weapons
Support Center (Chesapeake Division Naval

Facilities Engineering Command 1979)

Figure 2. Location of Ammunition Burning
Ground, NWSC, Crane
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PART II: REGIONAL GEOLOGY AND HYDROGEOLOGY

Regional Geology

6. The state of Indiana and NWSC lie in the midwestern region of the

United States where stresses within the earth's crust have been relatively

mild throughout geologic 'time. The crustal  deformation that has occurred has

produced structural arches and basins of regional proportions where the sedi-

mentary rocks are gently tilted and faulting has been minimal. The major
structural provinces of the region in relationship to the state of Indiana are

shown in Figure 3. The boundaries of the geologic provinces lying in the

Figure 3. Major structural provinces of Midwestern
United States (Carpenter et al. 1975)

state of Indiana are shown in relationship to county locations and the general

location of the WS'C  in Figure 4. The Kankakee and Cincinnati arches join and
extend diagonally across Indiana from the southeast to the northwest. The
combined arches form a structural divide from which sedimentary rocks dip

7
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northeast into the Michigan basin and southwest into the Illinois basin. The

sedimentary rocks were deposited in cyclic seas and coastal plains that fluc-

tuated acmss the region between 280 and 500 million years ago.

7. Geologic time periods extending from the Pennsylvania" through the

Cambrian (nearly all of the Paleozoic era) in descending order by age are rep-

resented in the sedimentary sequence underlying the region. Total accumula-

tions of the sedimentary rocks range from 3,500 ft thick across the Kankakee

and Cincinnati arches to in excess of 13,000 ft thick "ear the center of the

Illinois basin. Surface rocks are older and thinner acmss the arches and

become progressively thicker and deeper in the subsurface as the strata dip

into the basins. Co"seq"e"tly, the surface rocks become progressively younger

in a direction outward from the arches toward the basins. In Indiana, the

youngest sedimentary rocks associated with the regional geologic structural

features are Pennsylvanian in age. The absence of younger strata implies that

Indiana has remained above sea level for the past 280 million years or that

younger strata have been subsequently removed by erosion.

8. The NWSC lies in the eastern edge of the Illinois basin where the

underlying sedimentary rocks dip west-southwest at approximately 50 ft per

mile. The surface rocks underlying the NWSC are in the Lower Pennsylvanian

and Upper Mississippian geologic time periods. A generalized stratigraphic

column at the NWSC is presented in Figure 5. Mississippian rocks of the

Chester Series are extensively exposed in the valley walls and hollows along

the eastern portions of the NWSC and in the lower zones of deeper valleys

toward the west. Pennsylvanian rocks of the Pottsville Series cap most of the

hills and ridges along the eastern side of the NWSC and become the predominant

surface rocks toward the west boundary of the NWSC. The stratigraphic units

in the Pottsville Series consist of interfingered sandstones, shales, clay-

stones, and elastic  siltstones, with occasional, relatively thin interbeds of
coal that were deposited in multicyclic seas and swamps. The stratigraphic

units in the Chester Series consist of alternating and repetitive sequences of

limestones, shales, and sandstones that were deposited in shallow seas. SC?-

era1 hundred feet of continuous limestone, middle Mississippian in age, under-

lie the Chester rocks but remain in the subsurface at the NWSC. The contact

between the Mississippian and the Pennsylvanian rocks is a" unconformity where

erosional processes extending over a long period of time removed upper por-

tions of the Chester Series prior to Pottsville deposition. Local relief

9
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Figure 5. Stratigraphic column for rock units encountered
at Nwsc (Palmer 1969)
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along the unconformity may be as much as 150 ft in some areas.

9. No faults have been mapped in the NWSC general area. The closest

mapped major fault, known as the Mt. Camel fault, trends northwest-southeast

and passes approximately 20 miles east of the NWSC.

Regional Physiography

10. The physiographic divisions of the state of Indiana, the limits of

Pleistocene glaciation. and the location of the NWSC are shown in Figure 6.

The NWSC lies in an unglaciated area of the Crawford Upland, a rugged dis-

sected plateau bound on the east by the Mitchell Plain and on the west by the

Wabash Lowland. The Mitchell Plain is a low dissected limestone plateau char-

acterized by sinkhole topography and other karst features. The boundary

between the Crawford Upland and the Mitchell Plain is called the Chester

Escarpment, a highly irregular east-facing cuesta  escarpment. The escarpment

trends northwest-southeast and passes just east of the NWSC. The face of the

escarpment is somewhat obscured by elongated upland spurs and upland outliers

along with karst valley reentrants  that extend into the uplands for several

miles. Numerous springs, cavern passages and caves occur along the Chester

Escarpment and in the eastern part of the Crawford Upland. Some of these

solution features are found in the eastern portion of the NWSC. The Crawford

Upland grades into the Wabash Lowland near the western NWSC boundary. Eleva-

tions on the Crawford Upland at the NWSC range from less than 500 ft mean sea

level (ml)  to greater than 850 ft msl. Relief on the upland varies from

about 100 ft to 350 ft, with higher elevations and greater relief occurring

generally in the eastern part of the NWSC. Surface drainage in the upland is

to the south and southwest.

Regional Drainage

11. The surface drainage along major streams in Indiana is shown in

Figure 7. With the exception of the extreme northeast corner of Indiana, all

the surface drainage is to the southwest and south. Approximately two-thirds

of the state drains into the Wabash River which in turn empties into the Ohio

River. Surface drainage at the hWSC  eventually flows into the White River and

thence to the Wabash to the southwest. The major drainage at the NWSC is

divided into five basins, as shown in Figure 8. The ABG site is located in

Basin III, near the headwaters of Little Sulphur Creek.
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Figure 6. Physiographic divisions of the State of Indiana
(Perry and Smith 1958)
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Figure 7. The stream system in Indiana (Indiana
Academy of Science 1966)

13



CRANE VILLAGE
.

BURNS CITY

SCALE

4MI
-

Figure 8. Surface drainage at the NWSC, Crane. Indiana
(Chesapeake Division Naval Facilities Command)

Regional Ground-water Trends

12. Ground water in the unglaciated southwest portion of Indiana in

general is contained in joint openings of limestone and sandstone aquifers.

In the area of the Crawford Uplands, aquifers are essentially isolated from

each other vertically by interlayered shale beds which act as aquicludes  (Fig-

ure 6). Ground water enters the aquifers through outcrops and flows by grav-

ity down the dip of the strata. Because the regional dip of the strata is to

the southwest, the regional flow pattern of ground water in each aquifer is

also to the southwest. Locally, however, variations in bedding dip, incision

of an aquifer by surface drainage, and karstic conditions produce conditions

14



anomalous to regional trends. Numerous springs and seeps issue from the aqui-

fer in areas of valley incision, locally complicating ground-water flow pat-

terns. Ground water issuing from springs in higher aquifers becomes surface

water that has the potential for reentering a lower aquifer exposed

downstream.
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PART III: SUMMARY OF PREVIOUS HYDROGEOLOGIC STUDIES

13. Past drilling programs at the ABG produced a large number of roller
rock bit borings which were drilled with air. Consequently, the only samples
available were cuttings. Determining stratigraphic breaks and lithologlc  con-
ditions based on drilling characteristics and cuttings was difficult at best.
well  screens were set in each of the borings based on the first encounter with
water but without reliable data to correlate the stratigraphically controlled
ground-water occurrences between borings. One of the main objectives of the
earlier studies was to verify the presence of and identify any contaminants
that might have entered the ground-water system at the ABG. The objective was
accomplished and certain contaminants were found to be present in the ground
water at several boring locations. In fact, two of the supposed background
WdlS, one located at the west end of the ABG and the other at the northwest
end. showed contamination. In addition, the line of compliance at the east
end of the ABG became questionable, and the need for further investigations
arose. Also, several borings located in the eastern zone  of the ABG encoun-
tered large cavities. The presence of cavities has resulted in the initiation
of additional investigations to determine the relationship of the cavities to
the ground-water flow system out of the ABG area.



PART  V: RESULTS OF CURRENT ABG HYDROGEOLOGIC INVESTIGATIONS

Preliminary Surveys

14. Prior to the start of drilling operations. literature and field

surveys were conducted to.estab1is.h  background data on the geology of the

area. Personnel from the Indiana'State Geological Survey accompanied the site

geologist on part of the field reconnaissance. The results of the predrilling

surveys showed that the analysis of the stratigraphy  presented in earlier

reports on the ABG was in error. The stratigraphic units identified in an

earlier report (Dunbar  1982) were out of sequence by one formation (too high)

in descending order of occurrence. For example, the formation labeled

Hardinsburg in the earlier report is actually the Big Clifty Formation, and

that labelled  Golconda Limestone is actually the Beech Creek Limestone

(Figure 5).

15. Boring logs of two producing water wells at the ABG, one installed

in 1941 and the other in 1968, were reviewed and discussed with personnel from

the Indiana State Geological Survey. The aquifer supplying these wells was

determined to be the Beaver Bend Limestone. Drinking water at the ABG is sup-

plied by one of these wells. The Bethel Formation underlies the Beaver Bend

and is relatively impervious. The boring logs indicated that the formations

between the Beech Creek Limestone and the Beaver Bend Limestone contained

thick, low permeability shale beds. The boring log data and discussions with

the state survey indicate that these shale formations would serve as aqui-

eludes  to prevent ground-water interconnection between the two limestone for-

mations. Personnel from the state survey also advised that there was a

possibility of encountering sulfides in the ground water contained in the

limestone below the Bethel Formation. Based on the above data, it was decided

prior to the beginning of the drilling operations that the Beaver Bend Forma-

tion would be the lowest ground-water zone of investigation and that only a

few widely spaced verification wells were necessary in the Beaver Bend.

Boring Program

16. A total of 66 borings have been completed as part of the current

ABG subsurface investigations. A plan of borings at the ABG site is presented

17



in Plate l* (locations shown are for boring clusters, each cluster containing

1, 2 or 3 wells). Boring cluster locations for the entire study area are

included in Plate 13. A summary of boring data is presented in Tables 1

and 2. The borings include 33 core borings. 12 roller rock-bit borings, and

21 splitspoon soil sample borings. Monitoring well screens were set in 53 of

the borings. Twelve of the splitspoon borings were used to obtain soil sam-

ples of the ABG valley fill material and were backfilled after completion (see

Table 2 for summary). The remaining nine split-spoon sample borings are

located along the NWSC boundary in Little Sulphur Creek alluvium (see Bl

through B9 in Table 1). Well screens were  set at the base of the alluvium in

the nine borings in Little Sulphur Creek alluvium.

17. Well screens were set in all of the 33 core borings and 12 roller

rock bit borings. Five of the core borings extended through the Beaver Bend

Limestone and bottomed in the Bethel Formation. Thirty-one of the core and

rock bit borings extended through the Beech Creek Limestone and bottomed in

the Elwren  Formation. Eight of the borings extended through the Golconda/

Haney Limestone and bottomed in the Big Clifty Formation, Indian Spring Shale

Member. General well screen locations for selected wells installed in earlier

investigations are shown in Table 3. Locations of earlier wells are shown in

Naval Weapons Support Center 1986.

18. The borings drilled with a roller rock bit were located adjacent to

deeper borings in which core samples had been obtained and in which the stra-

tigraphy had been established. Detailed field logs were made for each of the

core borings and are included in Volume III of this report. The well screens

were set in each of the borings at depths determined by the aquifer to be

investigated. Each well screen "as set in a separate boring with as many as

three wells located within 5 ft of each other at a few of the boring "clus-

ters." Detailed well screen placement data are included at the back of each

boring log. The boring clusters correspond to the core boring numbers; i.e.,

WES-3-Cl-86 through WES-3-C33-86. Where more than one well screen is set at a

particular cluster, there is a detailed well screen  placement sheet included

at the back of the appropriate boring logs for each of the wells set at each

of the multiple well sites. The well numbers at the multiple well sites cor-

respond to the following example: WES-3-Cl-86 (core boring and deepest well

* References to plates refer to the plates in Volume II of this report.
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Note: This table replaces original Table 1. Contains data from
official survey for Ground and TOC elevations.

Table 1. Monitoring Well Data for Site Cl3  Ammunition Burning Ground



Table 1. (con'd)

Screen Dep,

03809 12.0 513.54 516.04 5.5-10.5 Alluvium 08/07/87

03810 58.7 559.46 561.96 48.5-58.5 Beech Crk 10/22/87



Table 1. (con'd)

03-29 51.0 595.61 598.61 36.6-45.6 Big Clift / /83
03-30 53.5 608.60 Big Clift 10/04/85



Table 1. (con'd)
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Table 2
Summary of Soil Sample Borings in ABG Valley Alluvium

Boring Numbers
WES-3-VFI-87
WES-3-VF2-87

Depth Elevation Number of
ft. ft Jar Samples
3.5 584.5 2
7.5 581.5 5

WES-3-VF3-87 4.8 580.5
WES-3-VF4-87 5.2 581.5
WES-3-VFS-87 9.8 591.4
WES-3-VF6-87 7.8 595.5
WFS-3-VF7-87 10.0 596.3
WES-3-VF8-87 11.7 599.5
WES-3-VF¶-87 9.6 600.4
WES-3-VFlO-87 8.3 603.7
WES-3-VFll-87 11.8 602.8
WES-3-VFlZ-87 7.5 603.3 5

screen) ; WES-3-ClP2-86 (roller rock bit boring middle well screen);
WES-3-ClP3-86 (roller rock bit boring and upper well screen).

19. The first boring, WES-3-CI-86, was started with a 4 by 5-l/2-in.
diamond core barrel, but required three separate setups and an HQ (2-l/2-in.
dim core) wire line core barrel rigging to complete. In the first setup. the
core barrel was hung and lost along with approximately 30 ft of drill stem at
a depth of about 70 ft. A new 4 by 5-l/2-in. core barrel was used to continue
coring to a depth of approximately 114 ft in a second setup, offset 5 ft from
the first, before it was also lost. A third boring, offset an additional
5 ft, was finally completed to the required depth using an HQ wire line core
barrel. The third boring was numbered WES-3-Cl-86 and included the well
screen set in the lower aquifer. Since the second boring had penetrated
through the middle aquifer, a well screen was set in it, but the well included
the lost core barrel at the bottom. The first boring was grouted to the sur-
face. The remaining core borings throughout the drilling program were com-
pleted with the HQ wire line rigging.
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Table 3

Locations of Well Screens in Wells of Previous ABG Investigations

Boring No. Stratigraphic Locations of Well Screens

03-01-81 Bottom of Big Clifty Sandstone

03-02-81 Mansfield Sandstone, just above Golconda Limestone

03-03-81

03-04-81

03-06-81

03-09-81

03-27-83

03-28-83

(screqn  3.5 to 10.0 ft deep)

Sample shale

Lower Beech Creek Limestone

Upper Beech Creek Limestone

Middle/lower Big Clifty Sandstone

Middle/lower Big Clifty Sandstone

Mansfield and Golconda Limestone (above Big Clifty

03-29-83

03-30-85

03-31-85*

03-32-85

03-33-85

03-34-85

03-35-85

03-36-85

03-37-85

03-38-85.

Indian Springs Shale Member)

Bottom of Big Clifty Sandstone

Bottom of Big Clifty Sandstone

Spans Big Clifty/Beech  Creek contact (solution zone)

Spans Big Clifty/Beech  Creek contact (solution zone)

Spans Big Clifty/Beech  Creek contact (solution zone)

Spans Big clifty/Beech  Creek contact (solution zone)

Top 10 ft of Beech Creek (solution zone)

Bottom zone of Big Clifty Sandstone

Spans Big Clifty/Beech  Creek contact (solution zone)

Bottom of Big Clifty Sandstone and top 2-3 ft of
Beech Creek Limestone

03-39-85 Bottom of Big Clifty Sandstone and top l-2 ft of
Beech Creek Limestone

* 03-31-85 was drilled to 105.0 ft, grouted back up to 39.0 ft, and drilled
back to 46.0 ft. Screen was set from 29.0 to 39.0 ft (grout may have sealed
off part of flow from aquifer).
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20. The riser casing of the deep c"re boring WES-3-C&86  apparently

became plugged with grout from casing grouting operations and was unusable. A

second deep boring, WES-3-C8A-86,  located approximately 40 ft east of the

original site, was drilled with a rock bit and a well screen was set as a

replacement data point. The surface evidence of WES-3-C8-86  was destroyed and

the well was grouted to the surface.

Drilling and Well Installation Procedures

Drilling

21. Prior to the start of drilling and between setups at each of the

boring sites thereafter, the drill rig and drilling tools were steam-cleaned

or in a few instances flushed with clean water. After setup. the soil zone in

each of the core borings was sampled with a 7-i". diam folding auger down to

refusal. If the depth to refusal was less than approximately 11 ft (the depth

needed to start coring with the HQ wire line core barrel) then a 2-ft-long NX

c"re barrel was used to sample to 11 ft. All the remaining core samples below

11 ft were taken with the HQ wire line system with the exception of boring

WES-3-Cl-86, as discussed earlier under the heading "Boring Program." The

core samples were placed, in order of removal, into plywood boxes for future

reference, and detailed geologic logs were prepared.

22. The drill cuttings were removed by circulating clean water in a

steel mud pa" sealed around the boring top. Most of the water used in drill-

ing was obtained from a hydrant located in the heavy equipment shops area at

the NWSC. At the beginning a small portion of the drilling water was obtained

from the well located "ear the center of the ABG, which is supplied by the

Beaver Bend aquifer. This well had been checked previously and is supposedly

free of any contamination. Another well located "ear the ABG office shack is

supplying drinking water from the same aquifer.

23. During drilling operations, the mud pan was cleaned and refilled

with new water whenever conditions became necessary. In most borings, the

drilling water was lost in the more porous and jointed aquifer zones. When

water loss occurred, the mud pan was replenished with a continuous flow of

clean water. Where more than one aquifer zone was penetrated in a particular

boring, the upper zcane or zones were sealed off before advancing the boring

deeper. PVC casing was grouted 3 to 5 ft into the relatively impervious shale
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beds that underlie each aquifer and allowed to set, generally overnight. The

procedure used in casing the higher aquifers was to set 6-in.-diam  casing in

the upper zone, followed by 4-in.-diam casing in the middle zone. The 4-i".

casing was grouted up through the previously set &in. casing. where there

was no upper aquifer, the 6-in. casing was used to seal off surface soils. In

all borings where drilling water had been lost in the aquifer zones, the water

circulation returned after the caSing  was set. In most of the borings, the

circulation was again lost in the next lower aquifer zone.

24. After completion of each boring, a bailer was attached to the drill

cable hoist and the drilling fluids were bailed out until the water became

relatively clear. The bailing operation usually lasted 1 to 2 hr using a

2-l/2-in.-diam,  lo-ft-long  bailer. In most borings the water flow into the

boring was adequate to maintain a regulated steady pace of bailing. In a few

borings. the aquifer was tighter and there were slight delays in bailing oper-

ations to allow the inflow of additional water. After the bailing operations,

monitoring well screens and riser pipes were installed in each boring.

Monitoring well installation

25. A system of 2-in.-diam  Teflon and PVC pipe was used to install the

monitoring wells. The screens are all made from Teflon, having three vertical

columns of horizontal slots 0.020 in. wide and spaced approximately a quarter

of an inch apart. The riser pipe consists of Teflon extended upward to a

point approximately 5 ft above the previously measured water level in each

aquifer zone. The upper portion of the riser pipe consists of PVC extending

from the Teflon connection to approximately 2.5 ft above the ground surface.

The bottoms of the well screens have nonslotted Teflon traps extending 1 ft

below the screens. All screens in the middle and lower aquifer zones  are

10 ft in length. Screens in the upper aquifer are 5 ft in length. The top of

each well has a vented PVC cap. The riser pipe is protected at the surface by

3-in.-diam steel pipes with lockable caps and are grouted 3-l/2  ft inside the

4- and 6-in.-diam PVC surface casing. A typical well installation is shown

diagramatically in Figure 9. A summary of all well installations is included

in Table 1. In the first two or three wells, which were installed prior to

the establishment of the above system of well placement, the PVC pipe extended

below the aquifer water level.

26. Once the pipe system was installed in the boring, the screened sec-

tion and the total aquifer zone were packed with a siliceous coarse sand and
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pea gravel filter material. The filter material was poured in from the top

slowly by hand and checked for depth periodically with a tape measure. The

bottoms of all the screens were placed at or near the base of the particular

aquifer being tested. The bottom of each boring extends 1 to 3 ft into the

shale beds below the aquifer sones. The filter pack was brought up to the

next higher shale zone to.obtain a good seal above the aquifer. In the lower

aquifer the filter pack averages between 15 and 20 ft thick. In the middle

aquifer the filter pack averages about 60 ft thick. In the upper aquifer the

filter pack averages 10 to 12 ft thick. A 3- to 5-ft thickness of bentonite

pellet-s was poured in from the top to secure a seal above the filter pack in

each well. The bentonire was allowed to set 30 min to 1 hr for swelling time,

and the well was grouted to the surface above the bentonite. The grout con-

sisted of a cement-bentonite mixture and was pumped in from the bottom through

a 3/4-in.-diam pipe.

Well development

2 7 . Initially, the first 12-15 wells were developed by pumping com-

pressed air through a filtered hose system placed at the bottom of the

screens, forcing water out at the riser tops. The blowing operations were

alternated with periods of surging in the screened intervals. The surge tool

consisted of an l&in.-long, I-l/4-in.-diam stainless steel rod with rubber

washers attached at each end. The washers were cut slightly smaller than the

inside diameter of the well pipe. The surge tool was lowered into the well

with l/&in.-diam stainless steel cable and pulled briskly up and down in the

slotted zones to create a pumping/pushing action. The processes were repeated

for several hours in each well or until the water forced out at the top became

relatively clear. The time involved usually required an entire day, espe-

cially in wells where the recovery rate was slower.

28 . The use of compressed air for well development was terminated when

it was determined that oil was escaping into the wells even after the inline

filters were changed periodically.

29. The procedure for developing the remaining wells consisted of bail-

ing well water, alternating with periods of surging. The same stainless steel

cable used for surging was used to lower and raise a 1-l/8-in.-diam, 5-ft-long

stainless steel bailer. To speed up operations and ease muscle strain, a

frame was constructed on a small trailer in conjunction with a portable wire

line winch to run the tools in and out of the wells. The time for development
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was about the same as when using air. The wells were bailed until the water

became clear. The developing tools were flushed with clean water between each

well setup.

Physiography and Geology of the ABG Study Area

Physiography

30. A topographic nap that includes the total study area and shows the

location of the ABG site is presented in Plate 2. The map was prepared by

combining the Indian Springs and Williams, US Geological Survey 7-l/2 min

quadrangles and photographically enlarging them to a scale of 1 in.

= 1,000 ft. The topography of the study area is relatively rugged, consisting

of a series of steep sided, narrow ridges and valleys. The topography is a

product of erosional incision into gently dipping strata of varying resis-

tance. A major drainage divide extends southwest-northeast through the area

and is followed by NWSC Road 161. East of the divide, approximately two-

thirds of the area drains to the south through Little Sulphur and Sulphur

Creeks. West of the divide, the remaining portion of the area eventually

drains into Turkey Creek, which lies farther to the west. The entrance val-

leys show strong east-west, southwest, and southeast trends. The overall

drainage pattern is a reflection of joints in the bedrock. Joints having

strikes similar to the drainage trends were measured at a number of outcrops.

Elevations across the area range from about 480 ft msl in the lower drainage

valleys to a maximum of 845 ft msl along the major drainage divide.

31. The ABG site lies across the northern reaches of the Little Sulphur

Creek Valley. The site is approximately 2,000 ft long by 1,000 ft wide with

the long axis oriented east-west. A detailed topographic map of the ABG site,

with a contour Interval of 1 ft, is presented in Plate 1. Elevations in the

valley portion of the site range from 620 ft msl at the western end to 580 ft

msl at the eastern end. Elevations on ridges bordering the site range from

720 to 810 ft msl. Surface drainage flows into the site from the west and

northwest, and flows out of the site to the east. At the east end of the site

Little Sulphur Creek turns south and continues off the NWSC boundary, l-l/Z

miles south of the ABG site. Little Sulphur Creek eventually joins Sulphur

Creek which in turn empties into Indian Creek, approximately 5-l/2  miles south

of the ABG site.
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Geology

32. Stratigraphy. The geologic formations encountered by borings in

the study area are described in the following paragraphs, in descending order

of geologic age (youngest units first).

a. Raccoon Creek Group (Pennsylvanian). Mansfield Formation. The
Mansfield Formation caps the hills and ridges in the study area
and varies from 0 to 65 ft thick in the core borings. The for-
mation consists of'interfingered fine- to medium-greined,
cross-bedded, friable, and oxidized sandstones; thinly bedded
laminated shale and sandstone; thinly bedded to massive carbon-
aceous shale; massive claystone; elastic  siltstone; and occa-
sional thin seams of coal. The various beds tend to rapidly
"lens out"  laterally.

b-* Stephensport Group (Mississippian).

(1) Glen Dean Formation. The Glen Dean is the uppermost for-
mation of the Mississippian Stephensport Group and
occurred immediately below the Mississippian-Pennsylvanian
unconformity in three borings (C-29, C-30 and C-31) south-
west of the ABG. Only the lower 1.2 to 5.3 ft of the for-
mation was encountered, consisting of light to medium
gray, granular to crystalline, oolitic,  very hard and
dense limestone.

(2) Hardinsburg Formation. The Hardinsburg occurred immedi-
ately below the Mississippian-Pennsylvanian unconformity
in many of the borings because of absence of the Glen Dean
and has been thinned by pre-Pennsylvanian erosion. The
formation's total observed thickness of 43.2, 45.6, and
46.6 ft was encountered in borings C-29, C-30, and C-31,
respectively, southwest of the ABG. The formation con-
sists of thick, laterally varying beds of fine-grained.
friable sandstone, thinly laminated sandstone and shale,
dark-gray, thinly bedded carbonaceous shale and medium
green shale containing dark red-brown mottling. The green
shale zones are similar in appearance to the Elwren Forma-
tion. The Glen Dean and Hardinsburg Formations lie above
the uppermost aquifer of the ABG study area.

(3) Golconda/Haney Formation. Several years ago the name for
this formation was changed from the Golconda  to the Haney.
However, to ensure easy cross reference to earlier reports
both names are used in this report. The formation occurs
immediately below the Pennsylvanian-Mississippian uncon-
formity in several borings. The thickness varies from a
few feet to about 14 ft. The formation consists of gray-
brown, medium to coarsely crystalline, fossiliferous very
hard and dense limestone in beds ranging from 2 to 14 ft
thick, with interbeds or zones of dark gray shaley  lime-
stone encountered in several borings. A l-l/Z-  to Z-ft-
thick shale bed occurs near the middle of the formation in
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(4)

most borings. The Golconda/Haney  forms the upper aquifer
of the study area.

Big Clifty Formation. The Big Clifty Formation is divided
into two distinctly different lithologic members. The
upper member is known as the Indian Springs Shale and con-
sists of a 20-ft-thick bed of dark gray, thinly bedded,
platey to fissile. carbonaceous shale that is fossilifer-
ous locally. The lower 3 to 4 ft of shale is generally
massive, olive  to olive gray and tan, and oxidized in con-
tact with the underlying sandstone. The Indian Springs
serves as an aquiclude at the base of the Golconda/Haney
aquifer zone in the western portion of the ABG but is
absent (eroded) in the eastern portion. The lower member
of the Big Clifty Formation consists of 40 ft of yellow to
olive tan, massive, rippled, very fine, well sorted, fri-
able, and permeable sandstone that is cut by numerous
intersecting joints. The lower portion of the Big Clifty
Sandstone forms the middle aquifer with the underlying
Beech Creek Formation.

(5) Beech Creek Formation. The Beech Creek consists of fos-
siliferous, very hard and dense limestone that ranges from
18 to 22 ft thick except in areas where downward solution-
ing has removed the upper portions. In the upper one-
third to one-half of the formation, the limestone is light
to medium gray brown, medium to coarsely crystalline, and
has occasional stylolites. In the lower zone the lime-
stone is dark gray, fine to medium crystalline, and con-
tains occasional to numerous wavy shale partings.
Generally, the lower few inches of limestone contain
rounded shale inclusions from the underlying Elwren Shale.
The limestone has numerous intersecting joints. The Beech
Creek Limestone and the overlying sandstone of the Big
Clifty Formation together represent the middle aquifer at
the ABG site.

c. West Baden  group (Mississippian).-
(1) Elwren Formation. The Elwren averages 20 ft thick and

consists of massive to thinly bedded, dark gray-green rel-
atively impervious shale with interzones of red-brown
claystone. Field observations indicate that the Elwren
serves as an effective aquiclude at the base of the Beech
Creek Limestone. The base of the Beech Creek (top of the
Elwren) is exposed in several places in the valleys within
the ABC study area. Ground water can be seen flowing
freely along the top of the Elwren and forms springs at
those locations.

(2) Reelsville Formation. The Reelsville averages 10 ft in
thickness. The formation consists of an upper 1 to 3 ft
of hard sandy limestone that grades laterally into calcar-
eous sandstone, a middle zone of massive to thinly bedded
dark gray to gray-green shale, and a lower 1 to 3 ft zone
of fine-grained sandstone that is locally calcareous.
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(3)

(4)

(5)

Sample Formation. The Sample Formation ranges from 40 to
45 ft thick and consists of dark gray to black, thinly
bedded, platey to fissile shale with occasional thin to
thick beds of light gray, fine grained,  massive, friable
sandstone. The sandstone beds generally occur in the
lower zone. Approximately l-1/2 miles north of the ABG
site an outcrop of the Sample Formation consists of sand-
stone in a 25- to 30-ft  section.

Beaver Bend Formation. The Beaver Bend ranges from 10 to
12 ft thick and consists of medium gray-brown, medium to
coarsely crystalline, fossiliferous. very hard and dense
limestone that is occasionally oolitic.  The formation has
numerous intersecting joints and forms the lower aquifer
of the study area. The Beaver Bend comprises the lowest
aquifer sampled for this investigation.

Bethel Formation. Only five wells bottomed in the upper
portion of the Bethel Formation. The zone penetrated con-
sisted of black thinly bedded shale with occasional light
gray sandstone lenses and light gray sandstone with shale
lenses.

33. Surface geology. The general distribution of surface racks within

the study area is shown on the geologic map presented in Plate 3. The geo-

logic map "as prepared as an overlay to the topographic map of Plate 2. Data

to construct the geologic map were obtained from Hutchinson 1967. The outcrop

pattern on the geologic map reflects continuing headward  erosion of drainage

in the area, and is representative of the surface geomorphology. Younger

Pennsylvanian sediments of the Raccoon Creek Group cap the ridges, and pro-

gressively older Mississippian sediments of the Stephensport and West Baden

Groups are exposed downward into the valleys (Figure 5). The contact between

the Pennsylvanian and Mississippian sediments is an unconformity, marked by

evidence of an extended period of surface erosion prior to Raccoon Creek

deposition.

34. The area geologic map (Plate 3) includes structural contours on top

of the Beech Creek Limestone. The Beech Creek is the basal formation of the

Stephensport Group and is used as a datum for stratigraphic correlations

throughout southwestern Indiana. The structure contours show that the

regional dip of strata underlying the study area is to the southwest at

approximately 50 ft per mile. Where the Beech Creek has been removed by val-

ley downcutting, the structure contours are shown dashed. The general config-

uration of the Beech Creek structure contours "as obtained from data available

in Perry and Smith 1958. The structure contours as shown in Plate 3 are
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modified from the original trends in Bulletin No. 12 from elevation data on

the Beech Creek that were obtained from borings and outcrops during the ABG

investigation.

35. A lineament shown on the area geologic map crosses through the

approximate center of.  the ABG site in a northeast direction (Plate 3). The

position of the lineament~ was transferred directly from Wier et al. 1974. The

Vincennes Lineament  Map was prepared from remote imagery under contract for

the Indiana Geological Survey. Very few field checks were made for verifica-

tion. The lineaments  are believed to represent joints or other fractures in

the bedrock and in most cases they agree with mapped joint orientations. A

brief survey of local panchromatic aerial photos did not reveal evidence of

the lineament through the ABG, nor was there any apparent offset of the strata

in borings located to either side of the lineament position.

36. A larger scale, detailed geologic map of the ABG site, constructed

from boring data and outcrop examinations is presented as Plate 4. The map

depicts the surface formations that underlie the general area of the ABG dis-

posal activities. The Mansfield Formation of the Raccoon Creek Group occupies

the higher elevations at the ABG. In the order of increasing geologic age,

the Hardinsburg, Golconda/Haney, and the Big Clifty Formations of the

Stephensport Group occupy the lower valley slopes and valley floor. The

Hardinsburg and portions of the Golconda/Haney Formations have been thinned by

pre-Mansfield erosion at the Pennsylvanian-Mississippian unconformity. The

Big Clifty Formation is divided into two map units: the upper Indian Springs

Shale Member and the lower sandstone member.

37. In the eastern area of the ABG, a number of borings, drilled during

several previous study phases, encountered large cavities in the contact zone

between the Big Clifty Sandstone and the underlying Beech Creek Limestone.

The area of cavity development is shown cross-hatched on the site geologic map

(Plate 4). The geologic development and hydrogeologic significance of the

cavities are discussed later in this report.

38. The surface formations in the ABG valley floor area are covered by

a blanket of alluvial and colluvial  soils ranging from less than 1 ft to

approximately 15 ft in thickness. The soils predominantly consist of yellow-

brown and tan firm silty to sandy clay, with occasional to numerous weathered

sandstone fragments, cobbles, and pebbles. The ABG soil zone is illustrated

in geologic cross sections AA' and BB'. The locations of the cross sections
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are shown in Plate 5. Boring VF-8 on cross-section AA' encountered ground

water at a depth of approximately 10.5 ft. The significance of the ground

water at this depth (near the Indian Springs Shale) is explained below in the

section entitled "Hydrogeology of the ABG Study Area". No zones  considered to

be more than slightly permeable were encountered in the alluvial materials.

Thin residual and colluvial silty clay, generally less than 5 ft thick, covers

large areas of the ABG valley slopes. These  soils have continually been

reworked by dozers during maintenance operations at the ABG (large areas of

the valley floor have also been reworked). Windows of underlying rock are

exposed at scattered locations around the valley slopes.

39. Subsurface geology. The subsurface geology of the ABG study area

is portrayed graphically in a series of geologic cross sections (AA' through

QQ'). A plan showing the locations of sections AA' through JJ' is presented

in Plate 5. Cross sections AA' through JJ' (Plates 6 through 1'2) represent

geologic conditions beneath the ABG site. A plan of locations of sections KK'

through QQ' is presented in Plate 13. Cross sections KK' through QQ'

(Plates 14 through 20) are at a smaller scale and represent subsurface geo-

logic conditions related to and extending beyond the ABG site. The cross sec-

tions were constructed primarily from boring data, but some include data from

examination of outcrops.

40. The geologic cross sections provide a graphic portrayal of the

stratigraphic and hydrogeologic factors that control ground-water conditions

beneath the ABG study area. The sections include ground-water profiles and

the stratigraphic positions of well screens. Borings shown on the cross sec-

tions as having two or three well screens located in different stratigraphic

horizons represent well cluster sites, where more than one aquifer zone  was

encountered. Well screens of the cluster wells are numbered beside the

respective boring logs to correspond to ground-water levels shown on the cross

sections. Detailed analysis of ground-water data is presented under the head-

ing , "Hydrogeology of the ABG Study Area", with reference to the geologic

cross sections given where appropriate.

41. Solution cavern passages have developed in the Beech Creek Lime-

stone along major surface drainage ways within the study area. Many of the
geologic cross sections intersect and graphically portray the solution fea-

tures. The geological development of the solution features is discussed in

detail in a separate section.

31



42. A composite of geologic cross sections CC' through FF' was con-

structed to present a panoramic encompassing view through borings located

around the perimeter of the ABG site, Plate 8. The individual sections can be

viewed separately, but are connected to show the continuity of the geologic

conditions underlying the site in all directions. The composite section

begins at boring C16, runs clockwise around the outer portion of the ABG site,

and concludes at C16. The individual sections are views looking north. east,

south, and west from a point located in the center of the ABG.

43. The geologic conditions underlying the ABG valley floor, from west

to east, are presented in cross  section GG', Plate 9. The subsurface geologic

relationships through the center of the ABG, from southwest to northeast, or

along the regional dip, are presented in cross section HH', Plate 10. The

location of the former ABG ash pile, which has been removed, is shown in rela-

tion to the underlying stratigraphy in section II', Plate 11. The geologic

conditions underlying and bordering the Little Sulphur Creek Valley where it

turns south out of the ABG are shown in cross section JJ', Plate 12.

44. Refer to Plate 13 for locations of cross sections KK' through QQ'.

Geologic cross section KK', Plate 14. runs generally from north to south for a

distance of just over 4 miles. The cross section begins in the Sulphur Creek

Valley north of the ABG, crosses the center of the ABG site, continues into

Little Sulphur Creek Valley south of the ABG, and extends across the NWSC

boundary. The cross section presents a detailed view of the geologic, strati-

graphic, and hydrogeologic conditions that underlie the larger study area in

relationship to the ABG site. The relationships of valley incisions that have

totally breached the upper and middle aquifers north and south of the ABG, and

cut into the lower aquifer north of the ABG, are emphasized on the cross sec-

tion. Elevations measured on key formations, accompanied by formational

thicknesses found in borings at the ABG, were used to project the stratigraphy

north of~boring C17. Water table elevations for the lower (Beaver Bend) aqui-

fer are plotted on section KK' only beneath the ABG site because borings/wells

elsewhere did not extend to the Beaver Bend. Some of the wells placed in the

Beech Creek aquifer, such as C-17, C-31 and C-32, were not cluster wells and

so do not provide water table elevations for the upper (Golconda-  Haney)

aquifer.

45. Geologic cross section LL', Plate 15, begins at boring C29, located

downdip  southwest of the ABG, and runs southeast ending in the valley of
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Sulphur Creek. The cross section shows the stratigraphic relationships in the

upper reaches of Johnson Hollow, Little Sulphur Creek at Spring "C", and the

dip component back into Little Sulphur Creek from Sulphur Creek. Positions of

the geologic formations underlying the Beech Creek in section LL' were pro-

jected from boring data in the ABG and correlated to the outcrop of Beaver

Bend measured in Sulphur Creek.

46. Geologic cross section+IM', Plate 16, runs from northwest of the

ABG site at boring Cl9 to the southeast and east through the ABG valley floor

region, and then southerly along the valley of Little Sulphur Creek, to the

NWSC boundary, a total distance of approximately 2 miles. North of

spring "C". the section emphasizes the extent of valley incision through the

formations that lie above the Elwren Shale. South of spring "C". Little Sul-

phur Creek turns slightly southwest and the creek bed remains within the

Elwren Shale on past the NWSC boundary. Boring Bl, at the NWSC boundary,

encountered approximately 8 ft of Elwren Shale underlying the alluvium, and

was terminated while still in the Elwren. The cross section graphically dis-

plays the solution cavern passages that underlie the valley of Little Sulphur

from just east of boring Cl1 to near spring "C".

47. Geologic cross section NN', Plate 17, runs from boring 19. north-

west of the ABG, through the western end of the ABG site and along Johnson

Hollow, ending at boring BlO approximately l-l/Z miles south of the ABG. The

cross section shows the solution features in the Beech Creek Limestone under-

lying and bordering the Johnson Hollow drainage, which are similar to those

found in Little Sulphur.

48. Geologic cross sections 00' and PP', Plates 18 and 19, respec-

tively, show the underlying geologic conditions at the ABG and beyond from

southwest to northeast for a distance of approximately one-half mile. The

cross sections follow the general northeast-southwest dip trend of the strata.

Both cross sections terminate on the northeast at borings drilled as part of

the ongoing Dye Burial Grounds (DBG) study. Cross section 00' runs through

the west and west central area of the ABG and lies north of the headward

extent of drainage solution cavern development in Johnson Hollow. Cross sec-

tion PP' extends from the upper reaches of Johnson Hollow, across the valley

of Little Sulphur Creek just southeast of the eastern end of the ABG. CTZOSS

section PP' passes several hundred feet north of the zone of Beech Creek solu-

timing along Johnson Hollow drainage.
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49. Geologic cross section QQ', Plate 20, was constructed through the

line of soil borings, Bl through B9, and one core boring, BlO, that span the

valley of Little Sulphur Creek at the NWSC south boundary. The cross section

shows alluvial deposits ranging from 10 to 15 ft thick resting on Elwren

Shale. The lower 5 to 10 ft of the alluvial deposits across the valley con-

sist of clayey to sandy s.aturated sandstone gravel with the exception of mate-

rials in boring B7. The upper alluvial deposits and the entire section at

boring B7 consist of very moist to wet sandy silt with occasional sandstone

pebbles. Solution features in the Beech Creek Limestone occur in the valley

flanks on either side.

50. Because of its importance as a major aquiclude, as discussed below,

the surface geometry of the Elwren underlying the study area has been con-

toured and is presented in Plate 21. The contours, on a 5-ft interval, were

constructed from boring data supplemented with data from outcrops. The con-

tours not only reflect the overall southwest dip trend of the strata, but also

reveal local structural irregularities occurring south of the ABG. A struc-

tural dome, emphasized by concentric contours on the surface of the Elwren, is

centered approximately one-half mile south of the ABG between Little Sulphur

Creek and Johnson Hollow. The development of similar isolated domes is an

apparently common occurrence in southwestern Indiana and is discussed in the

geological literature. The domes are depositional features formed where over-

lying sediments have draped over older Silurian pinnacle reefs. The reefs

formed resistant cores over which softer sediments settled during compaction.

51. Solution cavern passages. The current hydrogeological investiga-

tions being conducted in the ABG study area indicate that the following modes

of formation of solution cavern passages are in effect in the study area. The

cavern passages have formed in the Beech Creek Limestone in the area underly-

ing and bordering the valley of Little Sulphur Creek. The cavern system began

in the lower reaches of Little Sulphur Creek and has migrated headward  into

the ABG as a by-product of the erosional processes that have carved out the

present valley of Little Sulphur Creek.

52. Typically, solution in the Beech Creek Limestone begins when the

overlying Big Clifty Sandstone is initially exposed to surface waters during

valley incision. The Big Clifty Sandstone is highly permeable and accepts

nearly all of the water that comes in contact with its surface. Surface water

infiltrates rapidly downward through the Big Clifty Sandstone and~into  the
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underlying Beech Creek Limestone. After entering the limestone the ground

water can go no deeper because of the aquiclude formed by the underlying

Elwren Shale. The increasing ground-water supply entering through the Big

Clifty Sandstone is forced to move horizontally through joints in the lime-

stone. Cavern passages develop along the joints and at the top of the lime-

stone by solution resulting from the increasing ground-water flow. The ground

water finds outlets through springs issuing from Beech Creek outcrops along

the valley flanks farther downstream. Solution has continued to work its way

headward  to its present position in the ABG in conjunction with incision along

the valley of Little Sulphur Creek. Caverns that have developed on top of the

Beech Creek Limestone have resulted in the subsequent collapse of overlying

blocks and slabs of the Big Clifty Sandstone. Solution caverns are illus-

trated in geologic cross section MM', which extends along the valley of Little

Sulphur Creek from above the ABG to the NWSC south boundary (Plate 16). The

width of solution across the Little Sulphur drainage is well defined by bor-

ings shown in cross section JJ' and also in cross section DD' (Plates 12

and 8, respectively). Solution features can be seen in an outcrop in the east

valley wall just south of spring "C" where Little Sulphur Creek has cut com-

pletely through the Beech Creek. The areas south of the ABG underlain by

solution features in the Beech Creek along drainage ways have been mapped in

general and are shown in Plate 13.

53. Solution caverns have developed in the Beech Creek along other

drainage ways both north and south of the ABG, where favorable stratigraphic

conditions have evolved similar to those along Little Sulphur Creek. One of

the drainage ways lies along Johnson Hollow, located south-southwest of the

ABG (Plate 2). Solution features along Johnson Hollow are portrayed in geo-

logic cross section NN' (Plate 17). Solution features are also associated

with the drainage in the areas of springs "D", "El' and "F" and Mt. Spring,

north of the ABG.

Hydrogeology of the ABG study area

54. Three separate and progressively deeper zones of ground water were

identified by borings at the ABG site. The lower ground-water zone is in the

Beaver Bend Limestone; the middle ground-water zone is in the Beech Creek

Limestone and the overlying Big Clifty Sandstone; the upper ground-water zone

is in the Golconda/Haney Limestone. The relative positions of the three

aquifer zones have been plotted on the geologic cross sections, Plates 8-12
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and 14-20 with the following exceptions: the Beaver Bend (lower) aquifer is

not depicted in Plates 12 and 15, the Golconda-Haney (upper) aquifer is not

shown in Plates 10.12, or 15, and the alluvial aquifer of Little Sulphur Creek

is shown only in Plate 20. Ground water in each zone is primarily contained

in rock joints, with storage capacities and flow rates dependent on the joint

frequency, size of openings, and interconnection of openings. Table 4 pre-

sents ground-water level measurements for the period October 6-December 14,

1987. Ground-water levels are measured from top of casing (T.O.C.).

55. Lower ground-water zone (the Beaver Bend aquifer). Wells set in

the Beaver Bend aquifer occur only in the ABG site proper (see Plates 8

through 12). Ground water in the Beaver Bend Limestone is confined by overly-

ing and underlying aquicludes, the Sample and Bethel Shales. The Beaver Bend

aquifer produces piezometric levels in monitoring wells that range from SO to

60 ft above the top of the aquifer, or 33 to 47 ft below ground-water levels

in the middle (Beech Creek aquifer) zone. Five monitoring wells were set in

the Beaver Bend aquifer. The wells were located at the north, south, east,

and west ends of the ABG site, with one well located near the center of the

site. Water levels measured in the wells over a period of time showed that

the piesometric  surface of the Beaver Bend aquifer remains about horizontal at

approximately 512 ft msl from well  03-Cl to 03-Q beneath the ABG. The depth

to the piezometric surface below the ABG valley floor ranges from approxi-

mately 112 ft at the west end to 70 ft at the east end.

56. Recharge into the Beaver Bend aquifer is from areas of Beaver Bend

outcrops located in Sulphur Creek and other favorable drainage valleys, lying

updip  to the north and northeast of the ABG site. An example of surface

drainage in contact with the Beaver Bend is presented in geologic cross sec-

tion KK' (Plate 14).

57. It is doubtful that any significant connection exists between

ground water in the Beech Creek and Beaver Bend aquifers at the ABG site.

Totaling the combined thickness of the Sample, Reelsville  and Elwren  Forma-

tions, approximately 70 ft of predominantly impervious shales separate the two

aquifers and provide an effective aquiclude. The nonconnection between the

two aquifers is emphasized by the difference in ground-water surface (piezo-

metric) elevations and the contrasting ground-water surface geometries.

58. Middle ground-water zone (the Beech Creek aquifer). The Beech

Creek aquifer is partially open to surface water infiltration within the ABG,
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has hydraulic connection through solution caverns to springs south of the ABG,

and is the most likely aquifer to receive and transport contaminants from the

ABG disposal activities. The greater part of the study effort "as applied

toward defining the hydrogeologic  parameters surrounding the Beech Creek aqui-

fer. The Beech Creek aquifer includes the Beech Creek Limestone and the Big

Clifty Sandstone, which are hydraulically connected and total 60 ft in thick-

ness. The Elwren Shale Formation'underlies  the Beech Creek and provides an

aquiclude at the aquifer base and causes the ground water to move laterally

through the Beech Creek. A structure contour map of the top of the Elwren  is

presented in Plate 21.

59. A total of 31 monitoring wells have been set to date in the Beech

Creek aquifer during the course of this study. Twenty-one of the wells are

within the ABG site, three wells are to the north of the site, and seven wells

are to the south of the site. Contours on the piezometric surface of the

Beech Creek aquifer at the ABG site were constructed from water levels mea-

sured in the 22 monitoring wells on December 14, 1987 (Plate 22). The ground-

water map also includes an overlay of ground-water contours on the upper

(Golconda/Haney)  aquifer where data were made available in the western part of

the ABG (discussed below).

60. The ground-water contour map of water levels in the Beech Creek

aquifer for the study area for measurements made December 14, 1987 is pre-

sented in Plate 23. The data used to construct the study area map include all

applicable wells installed during the current ABG study, springs flowing from

the Beech Creek, and two wells (02-1OC  and 02-IlC)  that are part of the

ongoing DBG study. Elevations of the Beech Creek aquifer level in the two DBG

wells were obtained on March 18, 1988. The two DBG wells are not part of the

ABG study but provided water level data prior to the completion of this

report. The Beech Creek ground-water elevations remained reasonably constant

in the ABG study area wells measured several times in a 6-week period

(Table 3). Therefore, the Water  levels from the two DBG wells should be com-

patible with the ABG levels (at the scale of the study area maps) even though

they were obtained at a later date.

61. Ground water in the Beech Creek aquifer enters beneath the ABG from

the north-northwest. Primary flow out beneath the ABG is to the east and

south down the Little Sulphur Creek drainage way. with secondary flow out to

the southwest and south down  through Johnson Hollow drainage. The flow
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patterns are shown as shaded arrows in Plate 23. A low ground-water divide

separates the two outflow components along a line centered approximately

between borings Cl3 and C14. Recharge into the Beech Creek aquifer probably

originates from outcrop areas of Big Clifty Sandstone and Beech Creek Lime-

stone updip  and along strike north and northwest of the ABG. Recharge into

the Beech Creek also occurs within the ABG through the Big Clifty Sandstone

outcrop area shown in Plate 4.

62. Where erosion has not intervened, the top of the Big Clifty-Beech

Creek aquifer zone is protected from direct downward seeping water from the

Golconda/Haney  aquifer by the Indian Springs, a 20-ft-thick shale aquiclude.

The areas that are underlain by all or part of the Indian Springs Shale lie

along the valley slopes and in the northwestern and western valley floor

regions (Plate 4). In the central and eastern regions of the ABG valley

floor, erosion has progressed below the Indian Springs and exposed a large

area of the Big Clifty Sandstone. The sandstone is highly permeable and is

capable of taking most of the water that comes in contact with its surface.

The clayey nature of the relatively thin valley alluvium that blankets the

sandstone retards the downward flow of surface water, but does not appear to

hold water for any great length of time. Once the water reaches the top of

the sandstone, it seeps rapidly downward until it reaches the ground-water

level in the Beech Creek aquifer and continues out of the ABG to the east.

63. Ground water seeping from the upper (Golconda/Haney)  aquifer into

the ABG valley flows down the eroded slopes of the Indian Springs Shale at the

base of the alluvium and into the Big Clifty Sandstone similarly to surface

water conditions (see Plates 9 and 16 and the map on Plate 4). Surface water

and ground water from the Golconda/Haney aquifer are prevented from direct

downward movement into the Beech Creek aquifer in the western and west central

portion of the ABG by the underlying Indian Springs Shale. The surface and

Golconda/Haney  aquifer waters enter the Beech Creek aquifer east of the Beech

Creek drainage divide centered on borings Cl3 and C14, discussed above, and

exit the ABG to the southeast through Little Sulphur Creek drainage. There-
fore, surface contaminants from ABG activities are much less likely to flow

out to the southwest through Johnson Hollow.

64. Surface water enters the Big Clifty Sandstone outcrop area from two

sources within the ABG. One source is from rainfall. The other source is

from two creek branches that flow into the ABG from the west and the northwest
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and represent the headwaters of Little Sulphur Creek. The branch flow is

derived from ground water in sandstones and possibly from coal seams in the

higher Pennsylvanian strata, and from seeps out of the Golconda/Haney  Lime-

stone. The branches join near the center of the ABG and the flow continues

out the east end of the site, then south down Little Sulphur Creek Valley.

During drier periods and fin light to moderate rains, all of the surface water

in the branches becomes ground water in the Beech Creek aquifer through the

Big Clifty Sandstone outcrop area within the ABG. During periods of heavier

rainfall the runoff flows out the east end of the site. All of the surface

water that exits the ABG eventually becomes ground water through an outcrop of

Big Clifty Sandstone located in the creek bed approximately 300 ft south of

the ABG. The one exception is during periods of very heavy rain, when water

flows freely along the creek bed for short periods of time.

65. Normally, the Little Sulphur Creek bed remains dry until a point is

reached downstream where valley downcutting has progressed to the top of the

Elwren Shale. The Elwren Shale is reached approximately 3/4 mile south of the

ABG near Spring "C" (Plate 16). Spring "C" issues a moderate volume of ground

water from the base of the Beech Creek Limestone, and starts a new source of

surface water flowing down Little Sulphur Creek. The creek bed remains in the

Elwren Shale past the south boundary of the NWSC, which lies approximately

l-l/Z miles south of the ABG. Springs "A" and "B" (Plates 16 and 13) issue

additional discharge from the Beech Creek Limestone to the surface flow before

the creek crosses the NWSC boundary.

66. A number of springs are reported to issue from the Beech Creek

along the Little Sulphur Creek Valley flanks south of the NWSC boundary.

Ground water is also seeping from the Beech Creek into the valley alluvium

below the surface as shown near the south end of section K' (Plate 14).

Ground water that has seeped from the Beech Creek aquifer into the Little

Sulphur Creek alluvium can be seen on profile in geologic cross section QQ'

(Plate 20).

67. Ground water that issues from the springs and seeps along Little

Sulphur Creek is hydraulically connected through the solution cavern passage

system to the Beech Creek aquifer zone at the ABG (Plate 13). These hydrogeo-

logic relationships are illustrated in geologic cross section MM' (Plate 16).

The ground water in the Beech Creek aquifer in the eastern half of the ABG
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flows practically unrestricted away from the ABG through the cavern passage

system.
68. Evidence of the rapid transfer of surface waters through the solu-

tion cavern ground-water system was observed during two periods of heavy rain-

fall. The observations were made at springs "C" and "A", where shortly

following the rainfall the volume of outflow had greatly increased above nor-

mal. The larger volume of water issuing from the springs had turned murky and

light grayish-tan in color. In each case, by the next day the springs had

cleared up and returned to their normal flow. Seasonal changes in rainfall

also produce a gradual increase and decrease in the total volume of outflow

from the springs. However, the springs never seem to run dry.

69. Ground water flowing southwest out of the Beech Creek aquifer in

the western half of the ABG is gradually pulled south-southeast, toward con-

duits in the solution cavern system along Johnson Hollow. Geologic cross sec-

tion NN' (Plate 17), includes two borings (C24 and C25) in Johnson Hollow and

shows the drawdown  on the Beech Creek aquifer water surface induced by the

free flow provided along the solution passages in Johnson Hollow.

70. Upper ground water zone (the GolcondafHaney aquifer). The upper

ground water zone at the ABG is in the Golconda/Haney  Limestone and is under-

lain by the Indian Springs Shale aquiclude. The aquifer is opened or breached

in the ABG valley slopes and underlies the extreme western portion of the val-

ley floor. Six monitoring wells were installed in the Golconda/Haney  aquifer

at the west end of the ABG and one well at the C8 boring site. Co"tours  were

constructed on the upper ground-water surface at the west end of the ABG and

are shown on the contour map of the Beech Creek aquifer in Plate 22. The

western end of the ABG Is the lowest zone in relation to the stratigraphic dip

at the ABG. Ground water exiting the ABG through the Golconda/Haney  aquifer

would most likely occur in the western zone. However, the ground-water con-

tours of Plate 22 show that ground water from the Golconda/Haney aquifer is

actually flowing into the ABG by seepage along top of rock (see geologic sec-

tion GG', Plate 9). The available evidence supports the observation that any

ground water seeping from the Golconda/Haney aquifer within the ABG eventually

ends up in the Beech Creek aquifer zone. There is no evidence that possible

contaminants entering the Golconda/Haney aquifer would exit the ABG other than

through the Beech Creek aquifer system.
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

71. The following conclusions are made concerning the geology and

hydrogeology of the ABG study area:

a. The topography of the ABG study area consists of steep. narrow-
ridges and valleys. Approximately two-thirds of the study area
surface drainage is to the south through Little Sulphur and
Sulphur Creeks. Surface drainage enters the ABG site from the
west and northwest and exits the site proper to the
east-southeast.

b. Rocks of Pennsylvanian and Mississippian age are present at and-
beneath the study area. Detailed interpretation of the subsur-
face stratigraphy and structure of the geologic formations
underlying the study area was accomplished through careful
examination of surface exposures and rock cores. The rock
strata consist of shales, sandstones, and limestones with some
claystone. Rock formations in the valley floor of the ABG site
are covered by 1 to 15 ft of alluvial and colluvial  soils rang-
ing from silty or sandy clay to pebbles, cobbles, and fragments
of weathered sandstone. Alluvial deposits in Little Sulphur
Creek/Johnson Hollow valley at the NWSC south boundary consist
of 5 to 10 ft of saturated sandstone gravels overlain by unsat-
urated sands and gravels and gravelly silts.

c. The formations of Mississippian age are relatively uniform in-
thickness throughout the study area and are essentially without
structure except for a gentle dip to the southwest. A struc-
tural dome is defined by boring data about l/2 mile south of
the ABG site. Valley incision has breached the upper forma-
tions down to and partially including the Elwren Shale so that
some of the formations encountered in borings under the hills
and ridges of the study area are exposed in the valleys.

d . Three aquifers were identified in the study area to depths of-
interest, all of Mississippian age: an upper aquifer within
the Golconda/Haney  Formation, which consists of limestone with
shale interbeds; a middle aquifer occupying the Big Clifty
(predominantly sandstone) and Beech Creek (predominantly lime-
stone) Formations; and a lower aquifer within the Beaver Bend
Formation, a limestone. The middle and lower aquifers are sep-
arated by relatively impermeable shale strata.

e. Ground-water flow in the aquifers is believed to be primarily-
through rock joints. Rock joints in the Beech Creek aquifer
have been enlarged by solution locally within the study area.
Flow through those zones (described as "solution passages") can
be rapid. Solution passage ground-water flow is believed to be
the principle component of the subsurface hydrology within the
ABG study area.
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f. The solution passage system exists in the area underlying and
bordering Little Sulphur Creek Valley and Johnson Hollow. The
system has migrated headward  into the east portion of the ABG
site proper. The Beech Creek aquifer is partially accessible
by surface waters at the ABG site by infiltration through the
Big Clifty Sandstone and is the most  likely aquifer to receive
and transport off-site any contaminants from ABG activities.
Primary flow from the ABG site is to the east and south down
Little Sulphur Creek, with secondary flow southwest and south
through Johnson Hollow. Ground-water issues from springs in
the exposed Beech Creek Limestone south of the ABG site in
Little Sulphur Creek.

8. ABG site contaminants are much less likely to flow out to the
southwest through Johnson Hollow because of the presence of the
Indian Springs Shale overlying the Big Clifty Sandstone in the
western portion of the site.

h. The Beaver Bend (lower) aquifer is separated from the Beech
Creek aquifer by approximately 70 ft of predominantly shale
strata. Ground water in the Beaver Bend is artesian with
piezometric levels 50 to 60 ft above the top of the aquifer,
and 33 to 47 ft below the ground-water levels in the Beech
Creek. It is unlikely that hydraulic connection exists between
the Beaver Bend and Beech Creek aquifers at or near the ABG
site.

Recommendations

72. The following recommendations are made as a result of this

investigation:

a.- Continue water quality monitoring of the three aquifers. Spe-
cial attention should be given wells set in the Beech Creek
aquifer because of its potential to move  ground water rapidly
out of the ABG area through limestone solution passages. Wells
set in the Little Sulphur Creek valley alluvium (wells Bl
through BV) should also be monitored.

b.- Sample springs in the valley of Little Sulphur Creek and near
the south NWSC boundary near the ABG. Sampling of water ema-
nating from springs should be done at low flow and high flow
periods because subsurface flow paths in solution zones may
vary with flow quantities. Particular attention should be
given springs A, B, and C located in the valley of Little Sul-
phur Creek as mapped during this study.

c.- Emplace two or three additional cored borings and wells in the
valley of Little Sulphur Creek south of the ABC. and on the east
valley wall near Spring C. The wells would further define the
water table in that part of the study area and core data would
refine stratigraphic and structural interpretation of the
important aquifer formations. One well should be located in
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d.-

the valley on a line connecting well C-31 and Spring C, one
well just beyond Spring C on the same line, and a third approx-
imately midway between the outlet of the ABG and Spring C.

Give consideration to measuring ground-water flow rate away
from the ABG. The analysis presented in this report suggests
that the controlling mechanism of ground-water movement is the
flow through limestone solution passages with outlet through
springs.  ~Flow  measurements might best be accomplished at the
springs themselves, Consideration should also be given to the
use of tracing techniques to verify flow directions and paths
at low and high flow periods. Tracing will be complicated by
the potential existence of dye materials already in the ABG and
adjacent facilities. Surface flow in Little Sulphur  Creek and
perhaps Johnson Hollow occurs following periods of heavy or
sustained rainfall and should be measured at such times to
estimate the discharge from the NWSC via surface runoff.
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Logs of Valley Fill Borings
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Logs of Little Sulphur Creek Valley Borings 



















































Logs of Core Borings 





















































































































































































































































































































































































































































































































































































































































































































































































































































Well Installatlon Diagrams 
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